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NOTE BY THE AMERICAN EDITOR. 



Mr object in undertaking the revision of the Treatise 

on Optics by Dr. Brewster was, principally, to introduce 

an Appendix, containing such a discussion of the subjects 

of Reflexion and Refraction, as might adapt the work to 

use in those of our colleges in which considerable exten. 

sion is given to the course of Natural Philosophy. In 

this revision, I have thought it best, without specially 

calling the attention of the reader to them, to correct 

such errors as my comparatively limited knowledge of 

the subject assured me, would not have h&ea passed 

over by the author in a second Edition. 

A. D. BACHE. 
PhUaddphia, Jan., 1888. 
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A TREATISE ON OPTICS, 



INTRODUCTION. 

" (1). Optics, from a Greek word which signifies to see, is 
that branch of knowledge which treats of the properties of 
Kght and of vision, as performed by the human e^e, 

(2). Light is an emanation, or something which proceeds 
firom bodies, and by means of which we are enabled to see 
them by the eye. All visible bodies may be divided into two 
classes — self-luminous and nonAuminous, 

Self-luminous bodies, such as the stars, flames of all kinds, 
and bodies which shine by being heated or rubbed, are those 
which possess in themselves the property of discharging light 
Non4uminous bodies are those which Imve not the power of 
discharging^ light of themselves, but which throw back the 
light which faDs upon them from self-luminous bodies. One 
non-luminous body may receive light from another non-lumi- 
nous body, and discharge it upon a third ; but in every case 
the light- must origin Jly come from a self-luminous body. 
When a lighted candle is brought into a dark room, the form 
of the flame is seen l^ the light which proceeds from the 
flame itself; but the objects in me room are seen by the light 
which they receive from the candle, and again throw back ; 
while c^er objects, on which the light of the candle does not 
^1, receive light fh)m the white ceiling and walls, and thus 
become visible to the eye. 

(3). All bodies, whether self-luminous or non-luminous, dis- 
charge light of the same color with themselves. A red flame 
or a red^kot body discharges red li^ht; and a piece of red 
cloth disclmrges red lighC though it is illuminated by the 
wihite \i^l of the sun. 

(^. Lififht is emitted from every visible point of a luminous 
or of^ an illuminated body, and in every direction in which the 
Doint is visible. If we look at the flame of a candle, or at a 
4ieet of white paper, and magnify them ever so much, we 
«AaU not observe any points destitute of light 
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(5.) Light moves in straight lines, and consists of separate 
and independent parts, call^ rays of light If we idmit the 
lifi^ht of the son inte a dark room through a small hnle, it will 
illuminate a spot on the wall exactly opposite to the sun, — the 
middle of the spot, the middle of tne hole, and the middle of 
tiie sun, heiag dl in the flame straight line. If there is dust 
or smoke in the room, the progress of the light in straight 
lines will he distinctly seen. If we stop a very small portion 
of the admitted light, and allow the rest to pass, or if we stop 
nearly the whole Tight, and allow only the smallest portion to 
pass, the part which passes is not in the slightest degree af- 
fected by its separation from the rest The smallest portion 
of light which we can either stop or allow to pass is called a 
ray qf light. 

(6). Light moves with a velocity of 192,500 miles in a 
second of time. It travels from the sun to the earth in seven 
minutes and a half It moves through a space equal to th9 
circumference of our globe in the 8th part of a second, a 
flight which the swiftest bird could not perform in less than 
three weeks. 

(7). When light falls upon any body whatever, part of it is 
reflected or driven back, and part of it enters the body, and is 
either lost within it or transmitted through it When the 
body is bright and well polished like silver ^ a great part of the 
lifiht is reflected, and uie remainder lost within the silver, 
which can transmit light only when hammered out into the 
thinnest film. When the body is transparent, like glass or 
water, almost all the Ijip^ht is transmitted, and only a small 
part of it reflected. The light which is driven back from 
bodies is reflected according to particular laws, the considera- 
tion of which forms that branch of optics called catoptrics i 
and the light which is transmitted through transparent bodies 
is transmiUed according to particular laws, the consideration 
of which constitutes the subject of dioptrics. 
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PART I. 

GS THE REFLEXION AND REFRACTION OF UGHT. 



CATOPTRICS. 



(8.) Catoptrics is that branch of optics which treats of 
the process of rays of light after they are reflected froin sur- 
races either plane or curved, and of the formation of images 
from objects placed before such surfaces. 

CHAP. I. 

RBTLSXIOM dY tmaCVUL AND MIRRORS. 

(9.) Any substance of a regular form employed forthe pur- 
pose of reflecting light, or of forming images of objects, « is 
called a speculum or mirror. It is eenerBhy made of metal 
or glass, having a highly polished surmce. The name of mir- 
ror is commomy given to reflectors that are made of glass ; 
and the glass is always quicksilvered on the back, to make it 
reflect more light The word speculum is used to describe a 
reflector which is metallic, such as those made of silver, steel, 
or of grain tin mixed with copper. 

(10.) Specula or mirrors are either plane, concauey or 
convex. 

ApUme speculum is one which is perfectly flat, like a look- 
mg-glass ; a concave speculum is one which is hollow like the 
inside of a watch-glass ; and a convex speculum is one whica 
is round like the outside of a watch-glasa 

As the light which fidls upon glass mirrors is intercepted 

by the glass before it is reflected from Uie quick-silvered snr^ 

face, we shall suppose all our mirrors to be formed <^ polished 

metal, as they are in almost all optical instruments. 

(11.) When a ray of light, A Dyfig, 1., falls upon a plane 

speculum, M N, at the point D, it wiT 
be reflected or driven back in a direction 
D B^ which is as much inclined to £ D 
a line perpendicular to M N, as the ra^ 
A D was; that is, the angle B D E is 
equal to A D £, or the circular aro B £. 
is equal to £ A. 
B 
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The ray A D is called the incident ray, and D B the re- 
flected ray, A D £ the angle of incidence, and B D £ the 
an^le of reflexion ; and a plane passing through A D and 
D %, or the plan^ in which these two lines lie, is called the 
pUme of incidence, or the plane of reflexion* 
(12.) When the speculum is concave, as M N,^. 2,, then 
~ if C be the centre of the circle of 

which M N is a part, the incident ray 
A D and tiie reflected ray D B wiU 
form e(}ual angles with the line C D, 
which is perpendicular to the small 
^y portion of the speculum oh which the 
ray falls at D. Hence in this case also 
the angle of incidence A D £ is equal 
to the angle of reflexion B D £. 
(13.) When the speculum is convex, as M N,flg, 3., let C 

be the centre of the circle of which M N 
forms a part, and C £ a line drawn 
through D ; then the angle of incidence 
A D £ will be equal to the angle of re- 
flexion B D £. 

These results are found to be true by 
experiment; and they may be easily 
proved by admitting a ray of the sun^ 
light through a hole in the window-shut- 
ter, and making it fidl on the mirrora 
M N in the direction A D, when it will 
be seen reflected in the direction D R 
If the incident rav A D is made to approach the perpendicular 
D £, the reflected ray D B will also approach the perpendicu- 
lar D £ ; and when the ray A D falls in the direction £ D, it 
will be reflected in the direction D £. In like manner 
when the ray A D approaches to D N, the ray D B will ap- 
proach to D M. 

(14.) As these results are true under all circumstances, we 
may consider it as a general law, that when light faUs upon 
«ny 9urfqce, whether plane or curved, the angle of its reflex^ 
ion it equal to the angle of its incidence. 

Hence we have a method of universal application for find* 
Jig the direction of a reflected ray when we know the direc- 
tion of the incident ray. If A D, for example, /^«. 1, 2, 3., 
Is the direction in which the incident ray falls upon the mirror 
at D, draw the perpendicular D £ in^^. 1., and in flg, 2 or 
Jig. S. draw a line from D to C, the centre of the curved sur- 
fiiee M N ; and, having described a circle M B £ A N round 
as a centre, take the distance A £ in the compasses and 
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caiTT it fitm E to B, tnd harinff drawn tt line fina D to E^ D B 
will be the directioa of the tcflecUd raj. 

Reflexion qf R/iytfrom Plane Mirron. 

(19i) R^xitm of parallel my*. When penile) or eqnidi^ 

taut nya, A D, A' iy,fig- 4.. are incident upon a plane ini> 




ror, H N, they will continue to be |>anillel afler reflexion. Bjr 
the method tdready explained, describe arches of circles Tound 
D, I> as centres, and make the arch iToni E towards B equal 
to that between ^ D and D E, and also the arch from E' to- 
wards B' equal to that between A' D' and D' E' ; then drawing 
the lines D B, D' B', it will be found that these lines are par- 
allel. If the apace between A D and A' D' is filled with other 
raya parnllel to A D, bo as to cunetitute a parallel beam or 
mass of light, A A' D' D, the reflected rays wdl be all parallel 
to B D, and will constitute a parallel reflected beam. The 
reflected beam, however, will be inverted ; for the side A D, 
which was uppermoet before reflexioi^ will be undennost, as 
at D B, after reflexion. 

(16.) RejUxioa of dnerging rag$. Diverging rays are 
Ihoae which proceed from a point, A, and separate as the; ad- 
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slane mumn M N,JI/f. 5., they will be rede^ed m 4 

1) B, D' B', D" B", miking the angles B D B, B' D' E', 

B" D" E" respectively, equal to A D E, A D' E', A D" E"; 
the lines D E, D' E,' D" E" being drawn &om the points 
D, D', D", where the rays are incident, pcrpendiculai to M N ; 
and by continuing the reflected lavs backwards, they will be 
found to Qieet at a point A' as &r tehind the mirrar M N as 
A is before it; that is, if A N A' be drawn perpendicular to 
M N, A' N will be equal to A N. Hence the rajs will have 
the same divvrgencyafter reflexion as they had befiae it If 
we consider A D"D as a dive^ent beam of light included 
between A D and A D", then the reflected b^m included 
between D B and D" B" will diserge from A', and will be in- 
verted after reflexion. 

(17.) B^flexion of comxTging ray*. Converging rays 
are those which prooaed from several points A A' A", fig. 6., 
towards one point & When audi rays &11 upon a plane 

«r.B. 



mirror, H N, they will be reflected in directions D B', D* B*, 

D" B', tbnning the ssine angles with the perpendiculars D E, 
D'E', D"E",a9the incident rayadid, and converging to a pmnt 
B' as tar before the mirror as the point B is behmd it If we 
consider A D D" A" as a converging beam of light, I)" B' D 
will be its form after reflexion. 

In all these cases the reflexion does nothing more thao 
invert the incident beam of light, and shiQ its point oif diver- 
gence or convergence to the o}^nsite ude of tbe mirror. 

RfJUxkn of Rays from Concave Mirror*. 

(18.) Reflexion of paraUel ray*. Let M N.^^. 7., be a 

concave mirror whose centre rf concavity is C ; aid let A D, 

A M, A N be parallel rays, or a parallel beam <^ light blling 
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wpaa it, at and near to the vertex D. Then, nnee C M, G N 
axe perpendicular to the surface of tiie mirror at the points M 
and N, C M A, C N A will be the angles of incidence of the 
rays A M, A N. Make the angles of reflexion C M F, C N F 

SualtoCMA, CNA, and it will be (bund that the lines 
F, N F meet at F in the line A D, and these lines M F, 
N F will be the reflected ravs. The ray A C D heing per- 
pendicular to the mirror at D, because it passes throu^ the 

Fig.T 




centre C, will be reflected in an opposite direction D F ; so 
that all the three rays, A M, A D, and A N, will meet at one 
point, F. In like manner it will be found that all other rays 
oetween A M and A N, iallinff upon other points of the mirror 
between M and N, will be reflected to the same point F. The 
point F, in which a concave mirror collects the rays which fall 
upon it, is called the ybctis, or Jire-fdace, because the rays thus 
collected have the power of buminfif any inflammable body 
placed there. When the rays whicn the mirror collects are 
parallel, as in the present case, the point F is called its prin' 
cipalfocuSj or its focus for parallel rays. When we consider 
that the rays which form the beam A M N A occupy a large 
space before they fall upou the mirror M N, and by reflexion 
are condensed upon a small space at F, it is easy to undert^tand 
how they have the power of burning bodies placed at F. 

Rule. — ^The distance of the focus F from the nearest point 
or vertex D of the mirror M N is in spherical mirrors, what- 
ever be their substance, equ^I to one half of C D, the radius 
of the mirror's concavity. The distance F D is called the 
principal focal distance of the mirror. The truth of this rule 
may be found by projecting Jig. 7. upon a large scale, and by 
taking the points M N near to D. 

(19.) Reflexion of diverging rays. Let M N, fig, 8., 
be a concave mirror, whose centre of concavity is C; 
and let rays A M, A D, A N, diverging or radiatmg from 
the point A, fall upon the mirror at the points, M, D, N, 
and be reflected from these points; M and N being near 
to D. The lines C M, C D, and C N being perpendicu- 
lar to the mirror at the points M, D, and N, we shall find 

B2 
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the reflected rays M F, N F, by making tiie aQ?Ie F M C 
equal to A M C, and FN C equal to A N C ; and l£e point F 
where these rays meet wiD be the focus where the diverging 
rays A M, A N axe collected. By comparing^. 7. with^^. 
8. it is obvious that, as the incident ray A M m^g, 8. is nearer 
the perpendicular C M than the same ray is in^. 7., the re- 
flected ray M F will also be nearer the perpendicular C M 
than the same ray iajig, 7. ; and as the same is tnie of the 
reflected ray N F, it follows that the point F must be nearer 
C in^. 8. than in fig. 7. ; that is, in the reflexion of diverg- 
ing rajrs the focal distance D F of the mirror is greater than 
its focal distance for parallel rays. 

If we suppose the point of divergence A, Jig, 8., or the 
radiant pointy as it is called, to approach to C, the incident 
rays A M, A N will approach to the perpendiculars C M, C N, 
and consequently the reflected rays M F, N F will also ap- 
proach to C M, C N ; that is, as the radiant point A approaches 
to the centre of concavity C, the ^us F also approaches to 
it, so that when A reaches C, F will also reach C ; that is, 
when rays diverge from the centre, C, of a concave mirror, 
they will all be reflected to the same point 

u the radiant point A passes C towards D, then the focus F 
will pass C towards A ; so that if the light now diverges from 
F it will be collected in A, the paints 3iat were formerly the 
radiant points being now the foci. From this relation, or in- 
terchange, between the radiant points and the foci, the points 
A and F have been called conjugate foci, because if either 
of them be the radiant point the other will be the focal point 

If in^^. 7. we suppose F to be the radiant point, then the 
fecal point A will be at an infinite distance ; that is, the rays 
wDl never meet in a focus, but will be parallel, like M A, N A 
in Jig, 7, 

In like manner it is obvious, that if the point F is aXf, as in 
Jig, 9., the reflected rays will be M cr, N o ; that is, they will 
diverge from some point, A', behind the mirror M N ; and m 
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Fig. 9. 




/approaches to D, they will diverge more and noore, as if the 

Siint A', &om which they seem to diverge, approached to 
; The point A' behind the mirror, from which the rays M a* 
N a seem to proceed, or at which they would meet if they 
moved backwards in the directions a M, a N is called their 
virtual focus, because they only tend to meet in that focus. 

La all these cases the distance of the ^us F may be deter- 
mined either by projection or by the following rule, the radius 
of the concavity of the mirror, C- D, and the distance, A D, 
of the radiant point, being given. 

Rule. Multiply the distance, A D, of the radiant point from 
the mirror by the radius, C D, of the mirror, and divide thia 
product by the difference between twice the distance of the 
radiant point and the radius of the minor, and the quotient 
will be F D, the conjugate focal distance required. 

In applying this rule we must observe, what will be readily 
seen from the figures, that if twice A D is less than C D (aa 
^t/ijig' 9.), the rays will not meet before the mirror, but will 
have a virtual focus behind it, the distance of which from D 
will be given by the rule^ 

(20.) Reflexion of converging rays. Let M IS, Jig, lOl, be 
a concave mirror whose centre of concavity is C, and let raya 
A M, A D, A N, converging to a point A' benind the mirnn*, &U 
upon the mirror at the points M, D, and N, and suffer reflexion 
at these points ; M and N being near to D. The lines C M, C D, 
and C N being perpendicular to the mirror at the points M, D^ 
and N, we shall find the reflected rays M F and N F by making 
the angle F M C equal to A M C, and FNC equal to A N C; 
and the point F, where these rays meet, will be the focus where 
the converging rays A M, A N are collected. By comparing 
fig, 10. wiSi^^. 7. it will be manifest, that, as the incident ray 
A M in fig. 10. is farther from the perpendicular C M than 
the same ray A M in^^. 7., the reflected ray M F in^^. 10 
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will also bd farther 6*001 the perpendicular C M than the same 
ray vafig^ 7. ; and as the same is true of the reflected ray N F, 
it follows that the point F must be farther from C \sifig, 10. 
than in^^. 7. ; that is, in the reflexion of converging rays, 
the conjugate ^al distance D F of the mirror is less man its 
distance for parallel rays. 

If we suppose the point of convergence K\fig. 10., to ap- 
proach to D, or the rays A M, A N to become more conver- 
gent, then the incident rays A M, A N will recede from the 
perpendiculars CM, C N ; and as the reflected rays M F, 
W F will dso recede from C M, C N, the focus F will like- 
wise approach to D; and when A' reaches D, F will also 
reach D. 

If the rays A M, A N become less convergent, that is, if 
their point of convergence A' recedes farther from D to the 
lefl, the focus F will recede from D to the right ; and when 
A' is infinitely distant, or when A M, A N are parallel, as in 
jf^. 7., F will be half-way between D and C. 

In these cases the place of the focus F will be found by the 
following rule. 

Rule. Multiply the distance of the point of convergence 
from the mirror by the radius of the mirror, and divide this 
product by the sum of twice the distance of the radiant point 
and the radius C D, and the quotient will be the distance of 
the focus, or F D, the focus F being always in front of the 
mirror. 

Reflexion of Rays from Convex Mirrors* 

(21.) Reflexion of parallel rays. Let M N, flg, 11., be a 
convex mirror whose centre is C, and let A M, A D, A N be 
parallel rays falling^upon it Continue the lines C M and C N 
to E, and M EI, N £ will be perpendicular to the-surfiice of 
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!fae mirror at the points M and N. The rays A M, A N will 
therefore be reflected in directions M B, N B, the angles of 
reflexion E M B, E N B being equal to the angles of incidence 
E M A, E N xA.. By continuing the reflected rays B M, B N 
backwards, they will be found to meet at F, their vurtual fixjus 
behind the mirror ; and the fecal distance D F for parallel rays 




will be almost exactly one half of the radius of oonventy 
G D, provided the points M and N are taken near D. 

(22.) Refiexion of diverging rays. Let M N,^. 12., be a 
ixmvex mirror, C its centre of convexity, and A M, AN rays 




divemng from A, which fidl upon the mirror at the points 
M, N, The lines C M E and C N E will be, as before, per- 
pendicular to the mirror at M and N ; and consequently, if 
we make the angles of reflexion E M B, E N B equal to the 
angles of incidence EMA, ENA, MB,NB will be the re- 
flected rays which, when continued backwards, will meet at 
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F, their virtual fecus behind the mirror. By comparing jig, 
12. with fig. 11., it is obvious that the ray A M, fig. 12., ia 
&rther from M £ than in fig. 11., and consequently the re- 
flected ray M B must idso be farther from it Hence, as the 
same is true of the ray N B, the point F, where these rays 
meet, must be nearer to D in jf^. 12. than in^. 11. ; that is, 
in the reflexion of diverging rays, the virtual focal distance 
D F is less than for parafiel rays. 

For the same reason, if we suppose the point of divergence 
A to approach the mirror, the virtual focus F will also approach 
it; and when A arrives at D, F will also arrive at D. In like 
manner, if A recedes from the mirror, F will recede from it; 
and when A is infinitely distant, or when the rays become 
parallel, as in^^. 11., F will be half-way between D and C. In 
all these cases, the focus is a virtual one behind the mirror.*^ 
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IMAGES FORMED BT MIRROR& 

(23.) The image of any object is a picture of it' formed 
either in the air, or in the bottom of the eye, or upon a white 
ground, such as a sheet of paper. Images are generally form- 
ed by mirrors or lenses ; though they may be formed also by 
placmg a screen, with a small aperture, between the object 
and the sheet of paper which is to receive the image. In 
order to understand this, let C D be a screen or windowHshut- 

Fig. 13. 




ter witli a small aperture, A, and E F a sheet of white paper 
placed in a dark room. Then, if an illuminated object, RGB, 
is placed on the outside of the shutter, we shall observe an in- 
verted image of this object painted on the paper tXr gh. In 
order to understand how this takes place, let us suppose tlie 
object R B to have three distinct colors, red at R, green at G, 
and blue at B; then it is plain that the red light from R wfl) 

* For a diKuraion of the subjects in this chapter, see (in tbe College Edi 
tion) the Appendix of AmerkHn Editor, Chapter I. 
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pass in strai^t lines through the aperture A, and fidl upon 
the paper £ F at r. In like manner the green light from G 
will fall upon the paper at g, and the hlwe light from B will 
tall upon the paper at h ; thus painting upon the paper an tn» 
verted image, r6, of the object, R R As every colored point 
in the object R B has a colored point corresponding to it, and 
opposite to it on the paper E F, the image b r will be an ac- 
curate picture of the object R B, provided the aperture A is 
very small. But if we, increase tjie aperture, the image will 
become less distinct ; and it will be nearly obliterated when 
the aperture is large. The reason of this is, that, with a 
large aperture, two adjacent points of the object will throw 
their light on the same point of the paper, and thus create 
confusioQ in the image. 

It is obvious fromj^. 13., that the size of the image 6 r will 
increase with the distance of the paper E F behind the hole 
A. If A ^ is equal to A G, the image will be equal to the 
object; if A ^ is less than AG, the image will be less than 
the object ; and if A ^ is greater than A G, the image will 
be greater than the o^ect 

As each point of an object throws out rays in all directions, 
it is manifest that those only which &11 upon the small aper- 
ture at A concur in fi)rming the image br\ and as the num- 
ber of these rays is very small, the image b r must have very 
little light, and therefore cannot be us^ for any optical pur- 
poses. This evil is completely remedied in the formation of 
miages by mirrors and lenses. 

(24.) PormatUm of images by concave mirrors. Let A B, 
fig, 14., be a concave mirror whose centre is C, and let M N 
be an object placed at some distance before it Of all the 

Fig. 14. 



rays emitted in everjr direction by the point M, the mirror i^ 
ceives only those which lie between MA and M B, or a cone 
of rays MA B whose base is the spherical mirror, the section 
of whicn is A R If we draw the reflected rays A m, B fTi, 
for all the incident ravs M A, M B, by the methods already 
described, we shall £na that they will all meet at the point m. 
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and will there paint the extremity M of the object In like 
manner, the cone of rays N A fi flowing from the other ex- 
tremity N of the object will be reflect^ to a focus at n, and 
will there paint that point of the object For the same reason, 
cones of rays flowing from intermeRiate points between M 
and N will oe reflected to intermediate points in the image 
between m and n, and m n will be an exact mverted picture 
uf the object M N. It will also be very bright, because a 
great number of rays concur in ftnining each point of the 
imae^. The distance of the ima^e from the mirror is found 
bjr £e same rule which we have given for finding the focus of 
diverffin? rays, the points M, m in fig, 14 corresponding with 
A and Yin fig, 8. 

If we measure the relative sizes of the object M N and its 
image m n, we shall find that in every ca^ the size of the 
image is to the size of the object as the distance of the image 
from the mirror is to the distance of the object from it 

If the concave mirror A B is large, and if the object M N 
ii very bright, such as a plaster of Paris statue strongly illu- 
minated, the image m n will appear suspended in the air ; and 
a series of instructive experiments may be made by varying 
the distance of the object, and observing the variation in the 
nze and place of the image. When uie object is placed at 
m n, a magnified representation of it will be formed at M N. 

(25.) Formation of images by -convex mirrors. In concave ' 
mirrors there is, in all cases, a real ima^e of the object formed 
in front of the mirror, excepting when die object is placed be- 
tween the principal focus and the mirror, m which case it 
gives a virtual image formed behind it ; whereas in convex 
mirrors the image is always a yiitual one formed behind the 
mirror. 

Let A "By fig, 15., be a convex mirror whose centre is C, and 
f^ i^ M N an object placed before it; and let 

the eye of the observer be situated any- 
where m front of the mirror, as at £. 
Out of the great number of rays which 
are emitted in every direction from the 
points M, N of the object, and are sub- 
sequently reflected from the mirror, a 
few only can enter the eye at E- Those 
which do enter the eye, such as D E, 
P E and G E, H E, will be reflected 
from the portions D F, G H of the mir- 
ror so situated with respect to the eye 
and the points M, N that the angles of incidence and reflexion 
will be equal. The ray M D will be reflected in a direction 




\ 
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D E, forming die nine tuu4e thbt H D doee whb the perpen- 
dicnlsr C N, and tbe ny « G in the direction G E. In like 
manner, F &, H E will be tbe reflected nys corresponding' to 
(be incident oaee H F, N H. Now, if we orsitinue tnckwants 
the rays D G, F E, tbey will meet Mm; and tbey will there- 
fore appear to the eye to have come Bran the point m aa their 
focus. Fot the same reuon the raya G E, H B will appear lo 
come fnjtn the point n as their focus, and m n will be uie vir- 
tual iniag« of the object M N. It is called virtual because it 
is not formed by the actual union of rays iuafbcui^aiid caanot 
be received upon paper. If the eye E ia placed in any other 
position before the mirror, and if rays are drawn from M and 
N, which after reflenion enter the eye, it will be found that 
these rays continued backward* will have their virtual foci at 
m and n. Hence, in every po«iti(»i of the eye before the mir- 
ror, the ima^ will be seen in the same spot m rt. If we draw 
the lines C M, C N trom the centje of the mirror, we ahall 
find that tbe points m, n are always in these lines. Hence it 
is obvious that the image m n is always erect, and len tban 
the object It will approach to the mirrof as the object M N 
appniacbea to it, and it will recede from it aa M N recedes ; 
aad wtiHi M N is infinitely distant, and the rays which it 
emita beonne parallel, the image m n will be half-way be- 
tween C and the minor. In otter poaitions of the object the 
distance of the inuse will be found bj the rule already given 
for diverging rays felling upon convex mirrors. The size of 
the image is to the size of the object, as C m, the distance of 
the image &om the centre trf* the mirror, is to C M, the dis- 
tance of the object In apprcaching the mirror, the image 
and object ^proach to equality ; and when they touch it, they 
are boUi of the same size. Hence it ftjiows Uiat objects are 
always seen diminidied in convex mirrors, unless when they 
actually touch the mirror. 

(36v) Formation of image* by plane mirrora. Let A B^ 

Fir. le. /«■ 16., be a {dane mimn or looking'^lat^ 

If N an oUect situated before it, and E 

( tbe place or tbe eye ; then, i^on the very 

same [wtRciple* which we have explained 

for a convex mirror, it will be found that 

1^ an image of M N will be fwmed at m n, 

the virtual foci m, n being determined bv 

continuing back tbe reflected rays D E, 

F E till they meet at m, and G E, H E till 

they meet at n. If we Join the points 

M, ffl and N, n, the lines M m, N n will 
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be perp^icular lo the mirror A B, and cwseqUMttly pnrallel ; 

.and the image will be at the same distance, and have llie same 
position behind the mirror that the object has before it. Hence 
\yc see the reason why the images of all objects seen in a 
looking-'glaaa liave the same fiHm aiid diataocc as the objects 
themselves.* 



DIOPTRICS. 

(37.) DioiTEica is that branch of optics which treats of Uie 
progress of those rays of tight which enter transparent bodies 
and are transmitted through their substance. 



KEFBAtTTlON. 

(28.) When liglit passes through a drop of water or a piece 
of gla^ it obviously suffers some change in its direction, l>e- 
CBUse it does not illuminate a piece of paper placed behind 
these bodies in the same manner as it did before they were 
placed in its way. These bodies have therefore exercised 
Bome action, or produced somp change upon the light, during 
its progress through ^em. 

In tmler to discover the nature of this change, let A B C D 

'V- '^- ^ be an empty vessel, having a hole 

j^ H in one of its sides B D, and let a 

lighted candle S be placed within a 

> few feet of it, so that a ray of its 

, * i^ht S H may fall upon the bottom 

be D of the vessel, and form a round 
spot of light at a. The beam of 
light S H R o will be a straight 
line. Having marked the point a which the ray from S 
strikes, pour water into the vessel till it rises to the level E F. 
As soon as the surfe.ce of the water has become smooth, it will 
be seen that the round spot which was formerly at a is now 
ate, and that the ray SHRi> is bent at R; HRaxid R6 
being two straight lines meeting at R, a point in the surface 
of the water. Hence it follows, that all objects seen under 
water are not seen in their true direction by a person whose 
eye is not immersed in the water. If a fiah, for example, is 
lying at b,fig.VI., it will be seen hy an eye at S in the direc- 
^n S a, the direction of the refracted ray R S ; so that, in 
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order to dK)ot it with a ball, we must direct the gun to a 
point neaxer us than the point a. For the same reason, every 
point of an object under water appears in a place di&rent 
nrom its true place ; and the difference between the real and 
apparent place of any point of an object increases with its 
depth beneath the surface, and with the obliquity of the rav 
R S by which it is seen. A straight stick, one half of which 
is immersed in water, will therefore appear crooked or bent 
into an angle at the point where it- enters the water. A 
straight rod S R a, for example, will appear bent like S R 6 ; 
and a rod bent will, for a like reason, appear straight. This 
effect must have been often observed in the case of an oar 
dipping into transparent water. 

If in place' of water we use oLcohol, oilf or glassy the sur- 
&ces of all these bodies coinciding with the line £F, we shall 
find that they all have the power of bending the ray of light 
S R at the point R ; the alcohol bending it more than the 
water, the oil more than the alcdiol, and Qie glass more than 
the oil. In the case of glass, the ray would be bent into the 
direction R c. The power which thus bends or changes the 
direction of a ray of light is called refraction, — a name de- 
rived from a Latin wora, signifying breaking backt — ^because 
the ray S R a is broken at 1^ and & water is said to refract, 
or break the ray, at R. Hence we may conclude that if a 
ray of light, passing throup^h air, &ll6 in an oblique or slanting 
direction onjthe sur&ce of eolid or fluid bodies that are trans- 
parent, it will be refracted towards a line, M N, perpendicular 
to the surface E F at the jioint R, where the ray enters it ; 
and that the quantity of this refraction, or the angle aRb, 
varies with the nature of the body. The power by which 
bodies produce this effect is called their refractive power, and 
bodies that produce it in different degrees are said to have 
different refractive powers. 

Let the vessel A B C D be now emptied, and let a bright 
object, such as a sixpence, be cemented on the bottom of it at 
a. If the observer places himself a few feet from the vessel, 
he will find a position where he will see the sixpence at a 
throudii the hole H. If water be now poured into the vessel 
up to E F, the observer will no longer see the sixpence ; but 
if^ another sixpence is placed at a, and is moved towards 6, it 
will become visible when it reaches 6. Now, as the ray from 
the sixpence at b reaches the eye, it must come out of tlie 
water at a point, R, in the surface, found by drawing a straight 
line, SHR, through the eye and the hole H; and conse- 
quently b R must he the direction of the ray, which makes 
the sixpence visible, before its refraction at R. But if this. 
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nty had moved onwards in a straight Ime, withoat being re^ 
fracted at R, its path would have oeen b k ; whereas, in con- 
sequence of the refraction, its path is R H. Hence it follows, 
that when a ray of light» passing through any dense medium, 
such as water, &c., in a direction oblique or slanting to its 
sur&ce, quits the medium at any point, and enters a rarer 
medium, such as air, it is refract^ from the line perpendicu- 
lar to the surface at the point where it quits it 

When the ray S H R from the candle falls, or is incident 
upon the surface E F of the water, and is refracted in the di- 
rection R b, towards the perpendicular M N, the angle M RH 
which it makes with the perpendicular, is called tJie angle of 
incidence ; and the angle N R 6, which the ray R b bent or 
refracted at R makes with the same perpendicular, is called 
the angle of refraction. The ray H R is called the incident 
ray, and R 6 the refracted ray. But when the light comes 
out of the water from the sixpence at b, and is refracted at R 
in the direction R H, 6 R is the incident ray and R H the 
refracted ray. The angle N' R 6 is the angle of incidence, 
and M R H the angle of refraction. 

Hence it follows, that when light passes out of a rarer into 
a denser medium, as from air to water, the angle of incidence 
is greater than the angle of refraction; and when light 
passes out of a denser into a rarer medium, as out of water into 
air, the angle of incidence is less than the angle of refrac- 
lion: aiid these angles are so related to one another, that 
when the ray which was refracted in the one case becomes 
the incident ray, what was formerly the incident ray becomes 
the refracted ray. 
(20.) In order to discover the law, or rule, according to 

which the rays of light enter or quit 
water, or other refracting media, so 
that we may be able to determine the 
refracted ray when we know the di- 
rection of the incident ray, describe a 
circle M N upon a square board 
A B C D, fig, 18. standing upon a 
heavy pedestal P, and draw the two 
diameters M N, £ F perpendicular to 
one another, and also to the sides, A B, 
A C of the piece of wood. Let a 
small tube, H R, be so made that it 
may be attached to the board along 
any radius H R, H' R, or, what would 
be still better, that it may move 
freely round R as a centre. Let the board with its peaestal be 
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placed in a pool or tub of water, or in a giam vessel of water, so, 
that the surface of the water may coincide with the line E F 
without touching the end R of the tube H R. When the tube 
is in the position M R, perpendicular to the sur&ce E F of the 
water, acLnit a ray of light down the tube, and it will be seen 
that it enters the water at R, and passes straight on to N, 
without suffering any change in its direction. Hence it fol- 
lows, that a ray of light tnciderU perpendicularly on a re- 
Jracting surface experiences no refraction or change in its 
directum. If we now place a sycpence at N, we shall atie 
it through the tube M R; so that the rays frcxn the sixpence 
quit .the water at R, and proceed in the same straight line 
N*RM. Hence a ray qf light quitting, a refracting surface 
perpendicularly undergoes no refraction or change of direc- 
tion. If we now bring the tube into the position H R, and 
make a ray of light pass along it, the ray will be refracted at 
R in some direction R 6, the angle c^ refraction N R 6 being 
less than the angle of incidence M RH. If we now with a 
pair of compasses, take the shortest distance bn of the point 
b &om the perpendicular M N, and make a scale of equal 
parts, of which 6 n is one part, the scale being divided into 
tenths and hundredths, and if we set the distance H m upon 
this scale, we shall find it to be 1*336 of these parts, or 1^ 
nearly. If this experiment is repeated at any other position, 
H' R, of the tube where R 6' is the refracted ray, we shall 
find thaX on a new scale, in which b' n' is one part, H' m' will 
also be 1'336 parts. But the lines H m, H' m' are called the 
sines of the angles of incidence H R M, H' R M, and b n, 
h' »' the sines of the angles of refraction 6 R N, 6' R N. 
Hence it follows, that in water the sine of the angle of inci- 
dence is to the sine of the angle of refraction as 1*336 to 1, 
whatever be the position of the ray with respect to the surfiice 
E F of the water. This truth is called by optical writers the 
constant ratio of the sines. By placing a sixpence at 6, we 
shall find that it will be seen through me tube when it hus 
the position H R ; and placing it at 6', it will be seen through 
it in the position H' R. Hence, when light quits the surtacc 
of water, the sine of its angle of incidence 6 R N will be to 
the sine of its angle of refraction H R M as 1 to 1*366, as 
these are the measures of the sines 6 n, H m ; and since these 
are also the measures of b' n' H' m' upon another scale, in 
which b' n' is unity, we may conclude that, when light 
emerges from water into air, the sines of the angles of inci- 
dence and refraction are in the constant ratio of 1 to 1*336. 

If we make the same experiment with other bodies, we 
shall obtain different degrees of refraction at the same angles ; 

C2 
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tat in erer^ case the aiiies of &e angles of incideiiee and 
refraction will be found to have a constant ratio to tech other. 

The number 1*396, which expresses this ratio for water ^ is 
called the irtdex of refraction finr water, and sometimes its 
refractwe power, 

(90.) As philoso^ers have determined the index <^ refrac- 
tion fcH* a great variety of bodies, we are able, from those de- 
terminations, to ascertain the direction of any ray when re- 
fracted at any angle of incidence fitxn the surface of a given 
body, either m enterii^ or quitting it Thus, in the case of 
water, let it be required to find the direction of a ray, H K^fig. 
18., after it is refracted at the surfoce EF of water: draw RM 
perpendicular to £ Pat the point R, where the ray H R enters 
the water, and from H draw H m perpendicular to M R. 
Take H m in the compasses, and make a scale in which this 
distance occupies 1*936 parts, or 1^ nearly. Then, taking 1 
on the same scale, place one foot of the ccnnpasses in the 
quadrant N F, and move tlutt foot towards or from N till the 
other foot fidls upon some one point n in the perpendicidar 
R N, and in no other pmnt of it Let & be the point on which 
the first foot of the compasses is placed when the sec(»id foils 
upon n, then the line R b passing through this pouit will be 
the refracted ray corresponding to the incident ray H R. 

(91.) Table L (Appendix) contains the index of refraction 
for some of the substances most interesting in optics. 

(92.) As the bodies contained in these tables have all dif* 
forent densities, the indices of refraction annexed to their 
names cannot be considered as i^owing the relation of their 
absolute refractive powers, or the refractive powers of their 
ultimate particles. The small refractive index of hydrogen, 
for example, arises from its particles being at so great a distance 
fh)m one another ; and, if we take its specific gravity into 
account, we shall find that, instead of havmg a less refractive 
power than all other bodies, its ultimate particles exceed all 
other bodies in their absolute action upon light. 

Sir Isaac Newton has shown, upon the supposition that the 
ultimate particles of bodies are equally heavy, and that the 
law of the forces which difierent media exert is of the same 
form in all, that the absolute refractive power is equal to the 
excess of the square of the index of refraction above unity, 
divided by the specific gravity of the body. 

In this way Table IL (Appendix) has teen calculated. 

Mr. Herschel has justly remarked, that if, according to tho 
doctrines of modem chemistry, material bodies consist of a 
finite number of atoms, differmg in their actual weight for 
every differently compounded substance, the intrinsic refrac- 
tive power of the atoms of any given medium will be the 
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produet nsmag {rom nraltiplying tlie munber fbir the 
in Table IL by the weight cs its atom. 

(33.) In examining Table 11., it appears that the sabstances 
which c(»itain fluoric acid have the least absolute refractive 
power, while aU inflammable bodies have the greatest The 
high absolute refractive power of oil of cassia, which is placed 
alwve all other fluids, and ev^i above diamond^ indicates the 
great inflammalnlity of its ingredient&f 



CHAP. IV.* 

REFRACTION THROUGH PRISMS AHD LBHBBB. 

(34). Bt means of the law of refinction explained in the 
preceding pages, we are enabled to trace a ray of light in its 
passage Uirough an^ medium or body of any figure, or throng 
any number or bodie8,'provided we can always find the incli- 
nation of the incident ray to that small portion of the surfiikce 
where the ray either enters or quits the body. 

The bodies generally used in optical experiments, and in 
the contraction of optical instruments, where the efllect is 
produced by refiracticm, are prisms, plane glasses, spheres^ 
and lenses, a section of each of which is shown in tne an* 
nexed figure. 

F\g. 19. 




1. The most common optical prism, shown at A, is a solid 
having two plane surfaces A R, A S, which are called its rs^ 
fracting swrfaces. The face R S, equally inclined to A E 
and A S, is called the hose of the prism. 

2. A plane glass, shown at B, is a plate of glass with two 
plane simaces, ab,cd, pejrallel to each other. 

3. A spherical lens, i^own at C, is a sphere, all the points 
in its sur&ce being equally distant from the centre O. 

4L A double convex lens, shown at D, is a solid formed by 
ttoo convex spherical sur&ces, h/ivin^ their centres on oppo- 
site sides of the lens. When the radii of its two surfaces are 
equal, it is said to be equaUy convex ; and when the radii are. 
unequal, it is said to be an unequally convex lens. 

* For the subjects treated in this mid in the preceding chapter, aee (in the 
College edition) the Appendix of Atii. ed. chap. ill. 
t See Nute No. I. at the close of author's Appendix. 
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5w A plano-ctmvex lens, shown at £9 is a lens having one 
of its sur&ces convex and the other plane, 

. 6. A double concave lens, shown at F, is a solid bounded by 
ttDO concave spherical sur&oes, and may be either equally or 
unequally concave. 

7. A plano-concave lens, represented at G, is a lens one of 
whose sur&ces is concave and the other plane, 

8. A meniscus^ shown at H, is a lens one of whose surfaces 
is convex and the other concave, and in which the two sur&ces 
meet if continued. As the convexity exceeds the concavity, 
it may be regarded 9s a convex lens. 

9. A concavo-convex lens, shown at I, is a lens one of whose 
Burfiices is concave and the other convex, and in which the 
two sur&ces will not meet though continued. As the con- 
cavity exceeds the convexity, it may be regarded as a concave 
lens. 

In all these lenses a line, M N, passing through the centres 
ol£ their curved surfaces, and perpendicular to their plane sur* 
fiices, is called iheaods. The figures represent only the sec* 
tions of the lenses, as if they were cut by a plane parsing 
ttffough their axis ; but the reader will understand that the 
convex surface of a lens is like the outside of a watch-glass, 
and the concave sur&ce like the inside of a watch-glass. 

In showing the progress of light through such lenses, and 
in explaining their properties, we shall still use the sections 
shown in the above figure ; for since every section of the same 
lens passing through its axis has exactly the same form, what 
is true of the rays passing through one section must be true 
of the rays passing through every section, and consequently 
through the whole surface. 

(35.) Refraction of light through prisms. As prisms are 
introduced into several optical instruments, and are essential 
parts of the apparatus used for decomposing li^ht and exam- 
ming the properties of its component parts, it is necessary 
that the reader should be able to trace the progress of light 
through their two refracting surfaces. Let A B C be a prism of 

plate glass whose index of refraction 
IS 1*500, and let H R be a ray of light 
falliag obliquely upon its first sur&ce 
A B at the point R. Round R as a 
centre, and with any radius H R, de- 
scribe the circle H Mfc. Through R 
draw M R N perpendicular to A B, 

and H m perpendicular to M R. The 

^ ^ angle H R M will be the angle of ui- 

cidcnce of the ray H R, and H m its sine, which in the present 
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case is 1*500. Then imviog notade a scale in which the di»- 
taace H m is 1*500, or 1^ parts, take 1 part or anity from the 
same scale, and having set <me foot of the compasses on the 
circle somewhere alxMit 6, move it to di&rent points of the 
circle till the other foot strikes only one point n of the line 
R N ; the point b thus found will he that through which the 
refracted ray passes, R b will he the refracted rav, and nRb 
the angle oi refraction, because the sine 6 n of this angle has 
been made such that its ratio to H m, the sine of the angle of 
incidence, is as 1 to 1*500. The ray R 6 thus refracted will 
go on in a straight line till it meets the second surface of the 
prism at R', where it will again suffer refraction in the direc- 
tion R' 6'. In order to determine this direction, make R' H' 
equal to R H, and, with this distance as radius, describe the 
circle H' 6'. Draw R' N perpendicular to A C, and H' m' 
perpendicular to R' N, and form a scale on which H' m' shall 
be 1 pert, or 1*000, and divide it into tenths and hundredths. 
From this scale take in the compasses the index of refraction 
1*500, or 1^ of these parts ; anid having set one foot some- 
where in the line R' n', move it to different parts of it till the 
other foot fitUs upon some part of the circle about 6', taking 
care that the point 6' is such, that when one foot of the com- 
passes is placed there, the other foot will touch the line R' n', 
continued, onlv in one place. Join R' 6'. Then, since H' R' m' 
is the angle or incidence on the second surface A C, and li'm* 
its sine, and since n' b\ the sine of the angle b' R' n', has been 
made to have to H'm' the ratio of 1*500 to 1, 6'R'n' will be 
the angle of r^ractkm, and R' b' the refracted rav. 

If we suppose the original ray H R to proceed from a can- 
dle, and if we place our eye at b' behind the prism so as to 
receive the refracted ray b' R', it will appear as if it came 
in the direction D R' b\ and the candle will be seen in that di- 
rection ; the angle H E D representing its angular change of 
direction, or ihe angle of d/ewaXwOy as it is culed. 

In the construction oi fig, 20., the ray H R has been made 
to foil upon the prism at such an angle that the refracted ray 
R R' is equally inclined to the faces A B, A C, or is parallel to 
the base B C of the ptma ; and it will be found that the angle 
of incidence on the face of the prism, H R B is equal to me 
angle of emergence 6'R'C. Under these circumstances we 
shul find, by making the angle H R B either greater or less 
than it is in the figure, that Sie angle of deviation H E D is 
less than at any other angle of incidence. If we, therefore, 
place the eye behind the prism at 6', and turn the prism 
round in the plane BAG, sometimes bringing A towards the 
eye and sometimes pushing it from it, wo dialT easily discover 
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the positicHi where the image of the candle seen in the direc- 
tion 6' D has the least deviation. When this position is found, 
the angles H R B and h' R' C are equal, and R R' is parallel 
to fi C, and perpendicular to A F, a Ime bisecting the refract- 
ing angle 6 A C of the prism. Hence it may be ^own by 
the similarity of triangles, or proved bv projection, that the 
angle of refraction & R n at the first surrace is equal to B A F, 
ha& the refracting angle of the prism. But since B A F is 
known, the angle of refraction & R n is also known; and the 
angle of incidence H R M being found by the preceding methods, 
we may determine the index of refraction fi>r any pnsm by the 
following analogy. As the sine of the angle of remustion is to 
the sine of the angle of incidence, so is unity to the index of 
refraction ; or the index of refraction is equal to tiie sine of 
the angle of incidence divided by the sine of the angle of re- 
fraction. 

(36.) ^ this method, which is very simple in practice, we 

may readily measure the refractive powers of all bodie& If 

the body be solid, it must be shaped mto a prism ; and if it is 

soft or fluid, it must be placed in the angle B A C of a hoUow 

j^^. 21. prism ABC, fig,2\,y made by cement- 

^C ^ together three pieces of plate glass, 

^^P\ A B, A C, B C. A very simple hollow 

^^IfT fi |F prism for this purpose may be made by 

t^ ^^'^X, %J fastening together at any an^le two 

' ""''^" ™^«B pieces of plate glass, A B, A CJ^ with a 

bit of wax, F. A drop of the fluid may then be placed in the 

angle at A, where it will be retained by the force of capillary 

attraction. 

When light is incident upon the second sur&ce of a prism, 
it may fall so obliquely that the surface is incapable of refract- 
ing it, and therefore the incident light is totally reflected from 
the second surface. As this is a curious property of light, we 
must explain it at some length. 

On the total Reflexion of Light. 

(37.) We have already stated, that when light falls upon 
the first or second surfaces of transparent bodies, a certain 
portion of it is reflected, and another and much greater portion 
transmitted. The light is in this case said to he partially re- 
flected. When the light, however, fiills very obliquely upon 
the second surface of a transparent body, it is wholly reflected, 
and not a single ray suffers refraction, or is transmitted by the 
•urface. Let A B C be a prism of glass, wiroee index of re- 
fractiofl is 1-500: let a ray of light G Kyfig. 22., be refracted 
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at K by the first siir&ce A B, so 
^^•^- as to fiOl on the point R of the 

second surface very obliquely, 
and in the direction E R. Upon 
R as a centre, and with any rar 
dius, R H, describe the circle H 
M £ N F; then, in order to find 
the refracted ray correspondingr 
to H R, make a scale on which 
H m is equal to 1, and take in 
the compasses 1-500 or 1^ from that scale, and setting one 
foot in the quadrant £ N, tr^r to find some point in it, so that 
the other foot may fidl only in one point of the radius R N. It 
will soon be seen that there is no such point, and that 1*500 is 
greater even than £ R, the sine of an angle £ R N of 90^. If 
me distance 1*500 in the ccgnpasses had been less than £ R, 
the ray would have been refracted at R ; but as there is no 
angle of refractjlon whose sine is 1*500, the ray does not 
emerge from the prism, but suffers total reflexion at R in the 
direction R S, so that the angle of reflexion M R S is equal to 
the angle of incidence M R H. If we construct ^^. 22. so as 
to, make the incident ray H R take different positions between 
M R and F R, we shall find that the refracted ray will take 
different positions between RN and RK There will be 
some position of the incident rav about H R, where the re- 
fracted ray will just coincide witn R £ ; and that will happen 
when the quantity 1*500, taken from the scale on which H m 
is equal to 1, is exactly equal to R £, or radius. At aU posi- 
tions of the incident ray between tbis line and F R, refraction 
will be impossible, and the ray incident at R will be totally 
reflect^. It will also be found that the sine of the angle of 
incidence at R, at which the light begins to be totally reflect- 
ed, is equal to T.Jmr* ^ "^^y ^^ h which is the sine of 41^ 48', 
the angle of total reflexion for plate glass. 

The passage from paxlial to total reflexion may be finely 
seen, by exposing one side, A C, of a prism A B C,Jiff. 20., to 
the light of the sky, or at night to the light reflected from a 
large sheet of white paper. When the eye is placed behind 
the other side, A B^ of the prism, and looks at the image of 
the sky, or the paper, as reflected from the base, B C, of the 
prism, it will see when the angle c^ incidence upon B C is 
less than 41^ 48', the faint light produced by partial reflexion ; 
but by tumii^ the prism round, so as to render the incidence 
gradually more oblique, it will see the faint light pass sud- 
denly into a bright light, and separated from the faint light by 
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a colored fringe, which marks the boundary of the two reflex 
ions at an angle or 41^ ^'. But, at all angles of incidence 
above this, the light will sufibr total reflexion. 

Refraction of lAgJu through Plane Glasses. 
(38.) Let M N, j^*. 23., be the section of a plane glass with 



Fig. 93. 




parallel faces; and let a ray of light, 
A B, &U upon the first sumce at B, 
and be renacted into the direction 
B C : it will again be refracted at its 
emergence firom the second surface 
at C, in a direction, C D, parallel to 
A B ; and to an eye at D it will ap- 
pear to have proceeded in a direction 
a C, which will be found by continu- 
ing^ D C backwards. It will thus appear to come from a point 
obelow A, the point fix)m which it was really-emitted. This 
may be proved by projecting the figure by the method already 
described ; though it will be obvious also from the considera- 
tion, that if we suppose the refracted ray to become the inci- 
dent ray, and to move backwards, the incident ray will become 
the refracted ray. Thus the refracted ray B C, falling at equal 
angles upon the two surfaces of the plane glass, will mmer 
equal refractions at B and C, if we suppose it to move in op- 
posite directions ; and ccoisequentlv the angles which the re- 
fracted rays B A, C D form with the two refiracting surfiu^es 
will be equal, and the rays paralleL 

If we suppose another ra^, A' B', parallel to A B, to fall 
upon the pomt B', it will sufier the same refraction at B' and 
C, and will emerge in the direction C D', parallel to & D, as 
if it came from a point a', Henc^ paraUd raysfaUing upon 
a plane glass wiU retain their parallelism after passing 
through it. 
(39). If rays diverging from any point, A,fig,2A.j such as 

A B, A B', are incident upon a 
plane glass, M N, they will be 
refracted into the directions B C, 
B'C by the first surfiice, and 
C D, C D' by the second. By 
continuing C B, C B' backwards^ 
they will be found to meet at a, 
a point farther from the glass 
than A. Hence, if we suppose 
,the surface BB' to be that of standing water, placed horizon- 
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tally, an eye wi&in it would see the point A removed to a, 
the divergency of the rays B C, B' C having been diminished 
by re&action at the somce B B'. But when the rays B C, 
B' C sc^Ser a second refraction, as in the case of a plane glass, 
we shall find, bf continuing D C, IV C backwards, that they 
will meet at b, and the object at A will seem to be brought 
nearer to the glass ; the rays C D, C D', by which it is seen, 
having been rendered more divergent by the two refractions. 
A plane glass, therefcve, diminishes the distance of the diver- 
gent point of diverging rays. 

If we suppose D C, IV C to be rays converging to b, they 
will be made to converge to A by uie refraction of the two 
surfaces; and consequently a plane glass causes to recede 
from it the convergent point of converging rays. 

If the two surmoes B B', C C are equalfy curved, the one 
being convex and the other concave, like a watch-glass, they 
will act upon light nearly like a plane glass ; and accurately 
like a plane glass, if the convex and concave sides are so re- 
lated thaX the rays 6 A, C D are incident at equal angles on 
each surface: but this is not the case when the surfaces have 
the same centre, unless when the radiant point A is in their 
common centre. For these reasons, glasses with parallel sur- 
fiices are used in windows and for watch-glasses, as they pro- 
duce very little change upon the form and position cf dbjects 
seen through them. 



Refractiaa of lAgM through Curved Surfaces, 

(40). ^ When we consider the inconceivable minuteness of 
the particles of light, and that a single ray ccoisi^ of a suc- 
cession of those particles, it is obvious that the small part of 
any curved surface on which it falls, and which is concerned 
in refracting it, may be regarded as a plane. The sur&ce of 
a lake, perfectly still, is known to be a curved surfttce of the 
same radius as that of the earth, or about 4000 miles ; but a 
square yard of it, in which it is impossible to discover any 
curvature, is larger in proportion to the radius of the earth 
than the small space on the sur&ce of a lens occupied by a ray 
of light is in relati<xi to the radius of that suiface. Now, 
mathematicians have demonstrated that a line touching a curve 
at anv point may be safely regarded as coinciding with an in- 
finitely small part of the curve ; so that when a ray of light, 
AB,^^.25., ^lls upon a curved refracting sur&ce at B, its 

D 
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rtg. S5. angle c^ incidence must be conaideied 

as A B D, the an^Ie which the ray 
A B fonns with a line D C, perpendic- 
ular to a line M N, which toaches, or 
is a tangent to, the curved sui^e at 
R In all spherical sur&ces, such as 
those of lenses, the tangent M N is 
peipendicuiar to the radius C B of the. 
surmca Hence, in spherical suiftces 
the consideraticai of the tangent MN is unnecesBary; because 
tiie radius C D, drawn through the point of incidence B, is 
the perpendicular from which the angle of incidence is to be 
reckoned. 

Refraction of lAght through Spheres. 

(41.) Let M N be the section of a sphere of glass whose 
centre is C, and whose index of refraction is l'5O0 ; and let 
parallel rays, Jig, 26., H R, H' R', &11 upon it at equal dis- 



tances on each side of the axis 6 C F. If the ray H R is in- 
cident at R, describe the circle H D 6 round R ; through C and 
R draw the line CRD, which will be perpendiculi^ to the 
surface at R, and draw H m perpendicular to R D. Draw the 
ray Rbr through a point h found by the method already ex- 
plained, and so that the sine 6 n of the angle of refraction 
6 R C may be 1 on the same scale on which H m is 1*500, at 
Ijt ; then R b will be the ray as refracted by the first surface 
of the sphere. In like manner draw R' r' for the refracted 
ray corresponding to H' R'. ^ 

If we continue the rays R r, R' r', they will meet the axis 
at £, which will be the focus of parallel rays fin* a single con- 
vex sui^ce RPR; and the 'local distance P £ may be found 
by the following rule. 

RiTLB for finding the principal focus of a single convex 
surface. Divide the index of refraction by its excess above 
unity, and the quotient will be the principal focal distance, 
P E ; the radius of the surface, or C R, being 1. If C R is 



CHAP. IV. CURVKD fiSFBACTING StfBFACES. 39 

given in inches, then we have to multiply the result by that 
number of inches. When the sur&ce is that of glass, of which 
the index of refi:action is 1*5, then the focal distance, P £, will 
always be equal to tlirice the radius, C R. 

Round r as a centre, with a radius equal to R H, describe 
the circle D' b' h, and, by the method formerly explained, find 
a point b' in the circle, such that b' n', the sme of the angle 
d refraction b'rn', is 1*500 or 1^ on the same scale <m which 
km*, the sine of the angle of incidence, is 1 part, and rb'F 
will be the ray refracted at the second sur&ce. In the same 
manner we shall find r' F to be the refracted ray correspond- 
ing to the incident ray R' r', F being the point where r b' cuts 
the axis 6 E. Hence the point F will be the focus of parol' 
Id rays fi>r the sphere of glass M N. 

If diverging rays Mi upon the points R, R\ it is quite 
clear, from the Inspection of the figure, that their focus will 
be on some point df the axis G F more remote from the sphere 
than F, the distance of their focus increasing as the radiant 
point from which they diverge approaches to the sphere. 
When the radiant point is as far hetoie the sphere as F is be- 
hind it, then the rays will be re&acted into parallel directions, 
and the focus will be infinitely distant Thus, if we suppose 
the rays F r, F r' to diverge from F, then they will emerge 
after refiuction in tl^ paraUel directions R H, R' H'. 

If converging rays Mi upon the points R R', it is equally 
manifest tiiat meir focus will be at some point of the axis,. 
G F, nearer the sphere than its {principal focus F ; and their 
convergency may be so great that their focus will &11 within 
the sphere. All these truths may be rendered more obvious, 
and would be more deeply impressed upon the mind, by tracing 
rays of dififerent degrees of divergencv and convergency 
through the sphere, by the metiKxis lureaay so fully explained 

(42.) In Older to rorm an idea of the efi^ct of a sphere 
made of substances of different refractive powers, in bringing 
parallel rays to a focus, let us suppose the sphere to have a 
radius of one inch, and let the focus F be determined as in^. 
26., when the substances are, 
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Tabasheer • 


111145 


4 inches. 


Water 


1-3358 
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Glass 


1-500 
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Hence we find that in tabasheer the distance F Q is 4 inches; 
in watel*, 1 inch ; in glass, half an inch; and in zircon, nothing; 
that is, r and F coincide with Q, afler a single refraction at R, 
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When the index of reftscti&a is greater than 2*000, as in 
diamond and several other substances, the ray of light R r 
will cross the axis at a point somewhere between C and Q> 
Under certain circumstances the ray Er will suffer total re- 
flexion at r, towards another part of the s^^er e, where it will 
again suffer total reflexion, being carried round the circum- 
ference of the ^ere, without the power of making its escape* 
till the ray is lost by absorption. Now, as this is true of eveiy 
possible section of the sphere, every such ray, R r, incident 
up(»i it in a circle equidistant from me axis, G F, will suffer 
similar reflexions. 

Rule for finding the focus F of a sphere. The distance 
of the focus, F, from the centre, C, of any sphere may be thus 
found. Divide the index of refraction by twice its excess 
above 1, and the quotient is the distance, C F, in radii of the 
^here. If the radius of the sphere is 1 inch, and its refrac- 
tive power 1*500, we shall have C F equal to 1^ inches, and 
Q F equal to half an inch. 

Refraction of Light through Convex and Concave Surfaces. 

(43.) The method of tracing the progress of a ray which 
enters a convex surface, is shown vafig, 26, for the ray H R, 
and of tracing one entering a concave surfliee of a rare rae» 
dium, or quitting a convex sur&ce of a dense one, is diown 
for the ray R r, in the same figure. 

When the ray enters the concave sur&ce of a dense me- 
dium, or quits a similar surface, and enters the convex surface 
of a rare medium, the method of tracing its progress is shown 
in fig, 27., where M N is a dense medium (suppose giase) 




with two concave surfiujes, or a thick concave lens. Let C, C 
be the centres of the two surfaces lying in the axis C C, and 
H R, H' R' parallel rays incident on the first surface. As C R 
is perpendicular to the surface at R, H R C will be the ancrle 
of incidence; and if a circle is described with* a radnis 
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Rkfhm will be the sine of that angle. From a scale on 
which A m is 1*500, take in the compusses 1, and find some 
point, b, in the circle where, when one foot of the compasses 
18 placed, the other will fidl only on one point, ii, of the per- 
pendicular C R: the line R b drawn through this point will 
be the re&acted ray. By continuing this* ray b R backwards, 
it will be found that it meets the axis at F. Jn like manner 
it will be seen that the ray H' R' will be refracted in the di- 
rection R' r', as if it also diverged from F. Hence F will be 
the virtual focus of parallel rays refracted by a single concave 
surfiice, and may be found by the following rule. 

Rule forfinAing the principel focus of a tingle concave 
twrface. Divide me index of refraction j^ its excess above 
umty, and the quotient will be the principal focal distance 
F E2, the radius of the surface, or C E, being 1. If the radius 
O £ is given in inches, we have only to multiply E F, thus 
obtained by that number of inches, to have the value dT F E 
in inches. 

I^ by a similar method, we find the refracted ray ri2 at the 
emergence of the ray r 6 from the second sur&ce r r' of the 
lens, and continue it backwards, it will be found to meet the 
axis at /; so that the divergent rays R r, R' r' are rendered 
still more divergent by the second surfiuse, and /will be the 
focus of the lens M N. 

Refraction of Light through Convex Lenses. 

(44). ParaUel rays, Rays 'of light &lling upon a convex 
lens parallel to its axis are refracted in precisely the same 
manner as those which &11 upon a sphere ; and the refracted 
ray may be found by the very same methods. But as a sphere 
has an axis in every possible direction, every incident my 
must be parallel to an axis of it; whereas, in a lens which 
has only one axis, many of the incident rays must be oblique 
to that axis. In every case, whether of spheres or lenses, all 
the rays that pass along the axis suffer no refraction, because 
the axis is always perpendicular to the refracting sui^ce. 

When parallel rays, R L, R C, R L, fig. 38., fiill upon a 
double convex lens, L L, parallel to its axis R F, the ray R C 
which coincides with the axis will pass through without suf> 
fering any refraction, but the other ravs, R L, R L, will be 
refracted at each of the surfaces of the lens ; and the refrac(>* 
ed ra^ys corresponding to them, viz. L F, L F, will be found, 
by the method already given, to meet at some point, F, in the 
azia 

When the rays are oblique to the axis, as S L, S L^ T L, 

D2 



4ft A TEHATISE ON OFTIOB. TMXr U 




T L, the rays S C, T Q which pass through the centre, C, of 
the lens, wul suffer refraction at each surrade ; but as the two 
refractions are equal, and in opposite directi(»is, the finally re- 
fracted rays C/, C/' wiU be parallel to.S C, T C. Hence, in 
considering oblique rays, sucn as S L, T L, we may regard 
lines Sf, T/' passing through the centre, C, of the lens as the 
directions of the refracted rays corresponding to S C, T C. By 
the methods already explained, it will be found that S L, S L will 
be refracted to a common point, yj in the direction of the cen- 
tral ray S^ and T L, T L, to the point/'. The focal distance 
P C, or fC, may be found numerically by the following rule, 
when the thickness of the lens is so small that it may be 
tieglected. 

RvLEforJmdinff the principal focus, or the focus ofnaral' 
Id rays, for a glass lens unequaily convex. Multiply the 
radius of the one sur&ce by the radius of the other, and divide 
twice this product by the sum of the same radii 

When the leas is of glass and equally convex, the focal dis- 
tance will be equal to the radiua 

Rule for the principal focus of a planoconvex lens of 
glass. With either side of the lens turned to parallel rays, 
the distance of the focus, when the lens is thin, will be equal 
to twice the radius of the convex surface. 

(45.) Diverging rays. When diverging rays, R L, R L^ 
fig. 20., radiating from the point R, fidl upon the double con- 
vex lens L L, whose principal focus is at O and O', their focui 
will be at some point F more remote than O. If R approaches 
to L Ih the focus F will recede from L L. When R comctt 
to P, BO that P C is equal to twice the principal focal distance 







C O, the focus F will be at P' as fiir behind the lens as the 
radiant point P is before it When R comes to O', the focus 
F will l^ infinitely distant, or the rays L F, L F w^ be pBJ> 
allel ; and when R is between (y and C, the refracted lavs 
will diverge and have a virtual focus before the leo& The 
focus F of a glass lens, when the thickness is anall, will be 
found by the following rule. 

'&mjt for finding uie focus of a convex lens for dipfirging 
rays. Multiply twice the product of the radii df the two sun 
&ces of the lens by the distance, R G, of the radiant point, 
for a dividend. MultipW the sum of the two radii by the 
same distance R C, and m>m thb product subtract twice the 
product of the radii, for a divisor. Divide the above divMend 
by the divisor, and the quotient will be the focal distance, C F, 
caquired. 

If the lens is equaUy convex^ the rule will be this. Multi- 
ply the distance of the radiant point, or R C, by the radius of 
the sur&ces, and divide that i^oduct by the difference between 
the same distance and the radius, and the quotient will be the 
focal length, C F, required. 

When the lens is plano-convex, divide twice the product of 
the distance of the radiant point multiplied by the radius by 
the difference between that distance and twice the radius, and 
the quotient will be the distance of the focus from the centre 
of the lens. 

(46.) For converging rays. When rays, R L, R L, con- 
verging to a point /f^^. 30., fall upon a convex lens L L^ they 
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will be so refracted as to converge to a point or focus Fneaier 
the lens than its principal focus O. As the point of con- 
vergence/recedes from the lens, the point F will also recede 
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from it towards O, which it just reachos when the point /be* 
comes infinitely distant When / ajpproaches the lens, J^ 
also approaches it The fix^us F of a ^lass lens may be 
foand when the thickness is small, by the following rule : — 

Rule for JinUng the focus of converging rays. Multiply 
twice the product of the radii o£ the two surfiices of the lens 
by the distance /C of the point of convergence, &r a divi« 
dend. Multiply the sum oi the two radii by the same dis- 
tance/ C, and to this product add twice the product of the 
radii, for a divisor. Divide the above dividend by the divisor, 
and the quotient will be the focal distance C F required. 

If the lens is eqaaUy convex, multiply the distance /C by 
the radius of the surface, and divide that product by the sum 
of the same distance and the radius, and me quotient will be 
the focal length F C required. 

When the lens is plano-conveXf divide twice the product 
of the distance fC multiplied by the radius by the sum of 
that distance and twice the radius, and the quotient will be 
the focal distance F C required. 

Refraction of Light through Concave Lenses. 
(47.) Parallel rays. Let L L be a double concave lens, ani 
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R L, R L parallel rays incident upon it ; these rays will di- 
ver^ after refiraction in the directions L r, L r, as if diey 
radiated firom a point F, which is the virtual focus of the lens. 
The rule for finding F C is the same as for a convex lens. 
(48.) Diverging rays. When the lens L L receives the 
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rays R L, R L diverging from R, they will be refracted into 
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lines, L r, L r, diverging from a focus F, more remote from 
the lens than the principal focus O, and the focal distance, 
P C, will he found hy the following rule : — 

Rule for finding the focus of a concave lens of glass, for 
iiver^ng rays. Multiply twice the product of the radii by 
the distance, R C, of the radiant point for a dividend. Mul- 
tiply the sum of tlie radii by the distance R C, and add to this 
twice the product of the radii, fi>r a divisor. Divide the divi- 
dend by the divisOT, and the quotient will be the focal distance. 

If the lens is equally concave, the rule will be this. Mul- 
tiply the distance of the radiant point b^ the radius, an^ divide 
the product by the sum of the same distance and the radius^ 
and the quotient will be the foceX distance. 

When the lens is plano-concave, multiply twice the radius 
by the distance of- the radiant point, and divide this product 
l^ the sum of the same distance and twice the radius; the 
quotient will be the fi)cal distance. 

(49). Converging rays. When rays, R L, R L, fig. 33., 
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oonverginff to a point f, Ml upon a eoneave lens, L L, they 
will be renacted to as to hafe tkeir virtual fecos at F, and the 
distence F C will be foaod by the rule given for ooovex lenses. 
The rule for finding the locus of convemnff rays is exactly 
the same as that for diverging rays in a &a3e convex lens. 

When the lens is jdaiMHconcave, the rule he finding the 
focus of converging rsys is the same as for diverging rays cm 
a plan04»invex lens. 

Refraction of Light through Meniscuses and Omcavo-^onr 

vex Lenses of Glass. 

(50.) The general efiect of a menisctu in refincting paral- 
lel, diverging, and converging rays, is the same as that oi a 
convex lens of the same f(^ length ; and the general effect 
of a concawHSonvex lens is the same as that of a concave lens 
of the same focal length. 

RchB for a meniscus with parallel rays. Divide twice the 
product of the two radii by their difference, and the'quotieat 
will be Uie focal distance required. ^ 
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RvhEfor a meniscus with diverging rays. Multiply twice 
the distance of the radiant point b^ the product of the two 
radii for a dividend. Multiply the difference between the two 
radii by the same distance of the radiant point, and from this 
product take twice the product of the radii for a divisor. Divide 
the above dividend by this divisor, and the quotient will be the 
focal distance required. 

The truth of the preceding rules and observations is ca- 
pable of being demonstrated mathematically ; but Uie reader 
who has not studied mathematics may obtain an ocular demtnir 
8tration> of them, by projecting the rays and lenses in large 
diagrams, and determining the course of the rays afler refrac- 
tion by the methods already described. We would recommend 
to him also to submit the rules and observations to the test of 
direct experiment with the lenses themselves. 



CHAP. V. 

ON THE FORMATION OF IMAGES BT USNSES, AND ON THEIR 

MAGNIFTING POWER.* 

(51.) We have already described, in Chapter II., the prin- 
ciple of the formation en images by small apertures, and by 
the converg^ncy of rays to foci by reflexion from mirrors. 
Images are formed, by refraction, by lenses in the very same 
manner as they are formed, by reflexion, in. mirrors; and it is 
a universal rule, that when an image is formed by a ccmvex^ 
lens, it is inverted in position relatively to the pomtion of the 
object, and its magnitude is to that of the object as its distance 
from the lens is to the distance of the object from the lens. 

If M N is an o^ect placed before a ccmvex lens, lilt, fig. 
34., every point of it will send forth rays in every direction. 
Those rays which flJl upon the lens L L will be refracted to 
foci behind the lens, and at such distances from it as may be 
determined by the Rules in the last chapter. Since the focus 
where any point of the object is represented in its imafe is in 
the straignt line drawn from that point of the object uirou'gh 
the middle point C of the lens, the upper end M of the object 
will be represented somewhere in the line M C m, and the 
lower end N somewhere in the line N C n, tliat is, at the 
— ■^~~~^~~" ' ' • 

SeC} in tbe College edition. Appendix of Am. ed. chap. iv. 



COAP* T. 



DCA6B8 FOnSD BT IiKTSBB. 



47 



poiiitB HI, n, where tbe njs Lm,Lm,Ln, Ln anm t)ie lines 
11 G m, N C n. Hence m will represent the upper, and n the 
lower end of the object M N. It is also evident, that in the 




two triangles MC N, mCn,mn, the length of the image 
must be to M N the length of the object as C m, the distance 
of the image, is to C M, the distance of the object from the 
lens. 

We are enabled, therefore, by a lens, to form an image of 
an object at any distance behind the lens we please, greater 
than. its principal focus, and to make this image as lurge as 
we please, and in any proportion to the object In order to 
have the image large, we must bring the object near the lens, 
and in order to have it small, we must remove the object from 
the lens ; and these effects we can vary still farther, by using 
lenses of different focal lengths or distances. 

When the lenses have the same focus, we may increase the 
bri^tness of the image by increasing the size of the lens or 
the area of its surfiice. if a lens 1ms an area of 12 square 
inches, it will obviously intercept twice as many rays proceed- 
ing from every point of the object as if its area were only 6 
square inches ; so that, when it is out of our power to in- 
crease the brightness of the object by illuminating it, we may 
always increase the brightness of the unage by using a larger 
lens. 

(52.) Hitherto we have supposed the image m n to be re- 
ceived upon white paper, or stucco, or some smooth and white 
surface on which a picture of it is distinctly formed ; but if 
we receive it upon ground glass, or transparent paper, or upon 
a plate of glass one of whose sides is covered with a dried 
film of skimmed milk, and if we place our eye 6 or 8 inches 
or more behind this semi-transparent ground interposed at m n, 
we shall see the inverted image m n as distinctly as before. 
If we keep the eye in this position, and remove the semi- 



mnapftfent i^ound, we shuU aee «n iras^ in ^6 air diatinetijr 
and more briffht than before The cause <^thi8 will be xeadily 
understood, if we consider that all the rays which foriD by 
their convergence the points m^nof the image m n, cross one 
another at m, n, and diversfe from these points exactly in the 
same manner as they would do from a real object ci the same 
size and brightness placed in m n. The unsLge m n therefore 
of any object may be regarded as a new object; and by 
placing another lens behi:^ it, another image of the image 
tn n would be formed, exactly of the same size and in l£e 
same place as it would have been had m n been a real object 
But since the neiy image aS mn must be inverted, this new 
image will now be an erect image of the object M N, obtained 
by £e aid of two lenses ; so that, by using one or more lenses, 
we can obtain direct or inverted images of any object at plea- 
sure. If the object M N is a movable one, and within our 
reach, it is unnecessary to use two lenses to obtain an erect 
image of it: we have only to turn it upside down, and we 
shall obtain, by means of one lens, an image erect in reality, 
though still inverted in relation to the object 

(53.) In order to explain the power of lenses in magnifying 
objects and bringing them near us, or rather in giving mag- 
nified images of objects, and bringing the images near us, 
we must examine the different circumstances under ^diich 
the same object appears when placed at different distances 
from the eye. If an eye placed at E looks at a man a 6, fig. 
35., placed at a distance, his general outline only will be seen, 




and neither his age, nor his features, nor his dress will be re- 
cognized. When he is brought gradually nearer to us, we dis- 
cover the separate parts of his dress, tin at the distance of a 
few feet we perceive his features; and when brought still 
nearer, we can count his very eye-lashes, and observe the 
ininutest lines upon his skin. At the distance E 6 the man 
is seen under the angle 6 E «, and at the distance £ B he is 
seen under the greater angle B E A or ft E A', and his appii- 
rent magnitudes, a 6, A' 6, are measured in those diflerent 
positions by the angles ft E a, B E A, or ft E A'. The appa- 
rent magnitude of the smallest object may, therefi>re, be equal 
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to the apparent magnitude of the greatest The head of a 
pin, for example, may be brought so near the eye that it will 
appear to cover a whole mountain, or even the whole visible 
surface of the earth, and in this case the apparent magnitude 
of the pin's head is said to be equal to the apparent magnitude 
of the mountain, &c. 

Let us now suppose the man a. ft to be placed at the dis- 
tance of 100 feet from the e^e at £, and that we place a con- 
vex glass of 25 feet focal distance, half-way between the ob- 
ject a b and the eye, that is 50 feet from each ; then, as we 
have previously shown, an inverted image of the man will be 
formed 50 feet behind the lens, and of the very same size as 
the object, that is, six feet high. If this object is looked at 
by the eye, placed 6 or 8 inches behind it, it will be seen ex- 
ceedingly distinct, and nearly as well as if the man had been 
brought nearer from the distance of 100 feet to the distance 
of 6 inches, at which we can examine minutely the details 
of his personal appearance. Now, in this case, the man, 
though not actually magnified, has been apparently magni- 
fied, because his apparent magnitude is greatly increased, in 
the proportion nearly of 6 inches to 100 feet, or of 200 to 1. 

But if, instead of^ a lens of 25 feet focal length, we make 
use of a lens of a shorter focus, and place it in such a position 
between the eye and the man, that its conjugate foci may be 
at the distance of 20 and 80 feet from the lens, that is, that 
the man is 20 feet before the lens, and his image 80 feet be- 
hind it, then the size of the image is four times that of the 
object, and the eye placed 6 inches behind this magnified 
image will see it with the greatest distinctness. Now in 
this case the image is magnified 4 times directly by the lens, 
and 200 times by being brought 200 times nearer the eye ; 
so that its apparent magnitude will be 800 times as large as 
before. 

If, on the other hand, we use a lens of a still smaller focal 
length, and place it in such a position between the eye and 
the man, that its conjugate foci may be at the distance of 75 
and 25 feet from the lens, that is, that the man is 75 feet be- 
fore the lens, and his image 25 feet behind it, then the size of 
the image will be only one third of the size of the object ; 
but though the image is thus diminished three times in size, 
yet its apparent magnitude is increased 200 times by bein^ 
brought within 6 inches of the eye, so that it is still magm- 
fied, or its apparent ma^^tude is increased ^J*^, or 67 times, 
nearly. 

At distances less than the preceding, where the &cal 
length of the lens forms a considerable port of the whole dis* 

£ 
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tance, the rule for finding the magni^in^ power of a lens, 
when the eye views, at the distance of 6 inches, the image 
formed by the lens, is as follows. From the distance between 
the image and the object in feet, subtract the focal distance 
of the lens in feet, and divide the remainder by the same focal 
distance. By this quotient divide twice the distance of the 
object in feet, and the new quotient will be the magnifying 
power, or the number of times that the apparent magnitude 
of the object is increased. 

When the focal length of the lens is quite inconsiderable, 
compared with the distance of the object, as it is in most 
cases, the rule becomes this. Divide the focal length of tlie 
lens by the distance at which the eye looks at the image ; or, 
as the eye will generally look at it at the distance of 6 inches, 
in order to see it most distinctly, divide the focal length by 6 
inches ; or, what is the same thing, double the focal length in 
feet, and the result will be the magnifying power. 

(54.) Here, then, we have the principle of the simplest 
telescope ; which consists of a lens, whose focal length ex- 
ceeds six inches, placed at one end of a tube whose length 
must always be six inches greater than the focal length of the 
lens. When the eye is placed at the other end of the tube, 
it will see an inverted image of distant objects, magnified in 
proportion to the focal length of the lens. If the lens has a 
focal length of 10 or 12 feet, the magnifying power will be 
from 20 to 24 times, and the satellites of Jupiter will be dis- 
tinctly seen through this single lens telescope. To a very 
short-sighted person, who sees objects distinctly at a distance 
of three inches, the magnifying power would be from 40 to 48. 

A single concave mirror is, upon the same principle, a re- 
flecting telescope, for it is of no consequence whether the 
image of the object is formed by refraction or reflexion. In 
this case, however, the image m n, fig, 14., cannot be looked 
at without standing in the way of the object ; but if the re- 
flection is made a little obliquely, or if the mirror is sufficiently 
large, so as not to intercept all the light from the object, it may 
be employed as a telescope. By using his great mirror, 4 feet 
in diameter and 40 feet in focal leng%, in the way now men • 
tioned. Dr. Herschel discovered one of the satellites of Saturn. 

But there is still another way of increasing the apparent 
magnitude of objects, particularly of those which are within 
our reach, which is of great importance in optics. It will be 
proved, when we come to treat of vision, that a good eye sees 
the visible outline of an object very distinctly when it is 
placed at a great distance, and that, by a particular power in 
the eye, we can accommodate it to perceive objects at differ- 
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ent distctnces. Hence, in order to obtain distinct vision of 
any object, we have only to cause tbe rays which proceed 
from it to enter the eye in parallel lines, as if the object 
itself was very distant Now, if we bring an object, or the 
unage of an object, very near to the eye, so as to s^ive it great 
apparent magnitude, it becomes indistinct ; but if we can, by 
any contrivance, make the rays which proceed firom it enter 
the eye nearly parallel, we shall necessarily see it distinctly. 
But we have already shown that when rays diverge from the 
focus of any lens, they will emerge from it parallel. If we, 
therefore, place an object, or an image of one, in the focus of 
a lens held close to the eye, and having a small focal distance, 
the rays will enter the eye parallel, and we shall see the ob- 
ject very diBtinctly, as it will be magnified in the proportion 
of its present short distance from the eye to tlie distance of 
six inches, at which we see small objects most distinctly. But 
this short distance is equal to the focal length of the lens, so 
that the magnifying power produced by the lens will be equal 
to six inches divided by the focal length of the lens. A fens 
thus used to look at or magnify any object is a single micro- 
scope ; and when such a lens is used to magnify the magnifi- 
ed image produced by another lens, the two lenses together 
constitute a compound microscope. 

When such a lens is used to magnify the image produced 
in the single lens telescope &om a distant object, the two 
lenses together constitute what is called the astronomical r&- 
fracting telescope; and when it is used to magnify the 
image produced by a concave mirrcn: from a distant object, tlie 
two constitute a reflecting telescope, such as that used by Le 
Maire and Herschel : and when it is used to magnify an en- 
larged image, M N, fig, 14., produced from an object m n, 
placed before a concave mirror, the two constitute a reflect- 
ing microscope. All these instruments will be more fully 
described in a future chapter. 



CHAP. VL 

SPHERICAL ABBREATION OF LENSES AND MIRRORS.*'' 

(55.) In the preceding chapters we have supposed that the 
rays refracted at spherical surfaces meet exactly in a focus; 
but this is by no means strictly true : and if the reader has in 
any one case projected the rays by the methods described, he 

* I^or a diaciisnon of these Bubjects, see (in tbe college 6dftion) the Ap- 
pendix of Am. ed. chap. v. 
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must have seen that the rays nearest the axis of a 6{^erical 
surface, or of a lens, are refracted to a focus more remote 
from the lens than those which are incident at a distance from 
the axis of the lens. *The rules which we have given for the 
foci of lenses and surfiices are true for rays very near the axis. 
In order to understand the cause of spherical aberration, let 
L L be a plano-convex lens one of whose sur&ces is spherical, 
and let its plane surface L m L be turned towards parallel 
rays R L, R L. Let R' L', R' L' be rajrs very near the axis 
AF of the lens, and let P be their focus after refraction. Let 
R L, R L be parallel rays incident at the very margin of the 
lens, and it will be found by the method of projection that the 

Fig.2A. 
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corresponding refracted rays L/i L/ will meet at a point/ 
much nearer the lens than F. Ln like manner intermediate 
rays between R L and R' L' will have their foci intermediate 
between /and F. Continue the rays L/ L/ till they meet 
at G and H a pine passing through I\ and perpendicular to FA. 
The distance /F is called the longitudinal spherical aberra- 
tion, and 6 H the lateral svhericat aberration of the lens. In 
a plano-convex lens placed like that in the figure, the longitu- 
dinal spherical aberration /F is no less than 4| times tn n the 
thickness of the lens. It is obvious that such a lens cannot form 
a distinct picture of any object in its focus F. If it is exposed 
to the sun, the central part of the lens L' m U whose focus is 
at F, will form a pretty bright image of the sun at F ; but as 
the rays of the sun which pass through the outer part L L of 
the lens have their foci at points between /and F, the rays will, 
after arriving at those points, pass on to the plane G H, and 
occupy a circle whose diameter is G H ; hence 
the ima^e of the sun in the focus F will be a 
bright disc surrounded and rendered indistinct 
by a broad halo of light (growing fainter and 
Winter from F to G uid II. In like manner, 
every object seen through such a lens, and 
every image formed by it, wiU be rendered 
confused and indistinct by spherical aberration. 
These results may be illustrated e;TperimentaUy by taking 
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a ring dt black paper, and covering up the outer partt of- ikt 
&ce L L of the Ien& Thia will dimiin^ the halo G H, and 
the indistinctness of the image, and if we cover up all the 
lens excepting a small part in the centre, the image wUl b^ 
come perlectly distinct, though leas bright than bef^, and the 
focus will be at F. !£, on the contrary, we cover up all the 
central part, and leave only a narrow ring at the circumfe- 
rence of the lens, we shall have a very distinct image of the 
sun formed about/ 

(56.) If the reader will draw a very large diagnun of a 
plano-convex and of a douUe- convex lens, and determine the 
refracted rays at dii^rent distances from the axis where par- 
allel rays fitU on each of the surfaces of the lens, he will be 
able to verify the &llQ>«nng results for gkuM lenses. 

1. In a pUnuhctrnvex lens, -with its plane side turned to par- 
allel rays as mfig. 96., that is, turned to distant objects if it is 
to form an image behind it, w turned to the eye if it is to be 
used in magnifying a near object, the spherical abermtioQ will 
be 4^ times the thickness, or 4^ times m n, 

2. In a plano-convex lens^ With its convex side turned to- 
wards parallel rays, the aberration is only l^ths of its thick- 
ness. In using a plano-convex lens, therefore, it should always 
be so placed that parallel rays either enter the convex surface 
or emerge from it 

3. In a double convex lena with equal convexities, the aber- 
ration is If^ths of its thickness. 

4. In a double convex lens having its radii as 2 to 5, the 
aberration will be the same as in a pmno-convex lens in Rule 
1, if the side whose radius is 5 is turned towards parallel rays ; 
and the same as the plano-convex lens in Rule 2, if the side 
whose radius is 2 is turned to parallel rays. 

5. The lens which has the least spherical aberration is a 
double convex one, whose radii are as 1 to 6. When the face 
whose radius is 1 is turned towards parallel rays^ the aberra- 
tion is only IpJ^ths of its thickness ; but when the side with 
the radius 6 is turned towards parallel rays, the aberration is 
3]^ths of its thiclmess. 

These results are equally true of plano-concave and double 
concave lenses* 

If we suppose the lens of least spherical aberration to have 
its aberration equal to 1, the aberrations of the other lenses 
will be as follows :-— 

Best forro, as in Rule 5 1*000 

Double convex or concave, with equal curvatures 1*561 

Plano-convex or concave in best position, as in Rule 2. 1*093 

Plano-convex or concave in worst position, as in Rule 1. 4*206 

E2 
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(57.) As the central parts of the lens L L,^^.96u, refract 
the rays too little, and the marginal parts too much, it is evi- 
dent that if we could increase the convexity at n and diminish 
it gradually towards L, we should remove the spherical aber- 
ration. But the ellipse and the hyperbola are curves of this 
kind, in which the curvature diminishes from n to L; and 
mathematicians have shown how spherical aberration may be 
entirely removed^ by lenses whose sections are ellipses or hy- 
perbobbs. This curious discovery v(e owe to Descartes. 




If A L D L, for example, is an ellipse whose greater axis 
A D is to the distance between its foci F,^as the index of re- 
fraction is to unity, then parallel rays R L^ R L incident upon 
tiie elliptical surnice L A L will lie refracted by the single 
action of that sur&ce into lines, which would meet exactly in 
the focus F, if there were no second surfitce intervening be* 
tween L A L and F. But as every useful lens must have two 
surfiices, we have only to describe a circle hah round F as a 
centre, for the second surface of the lens L L. As all the rays 
refracted at the surface L A L converge accuratdy to F, and 
as the circular sur&ce L a L is perfjendicular to every one of 
the refracted rays, all these rays vml so on to F without suf- 
fering any refraction at the circular sumce. Hence it follows 
that a meniscus whose convex surface is part of an ellipsoid, 
and whose concave sur&ce is part of any spherical sui^ce 
whose centre is in the farther focus, will have no spherical 
aberration, and will refract parallel rays incident on its convex 
surface to the farther focus. 

In like manner a cancavo-conyex lens, L L, whose concave 
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Bhifkce L A L is part of the eUhp&M A L D L, and whose 
convex surface talis a circle described round the fiuther 
feeus of the ellipse, will cause parallel rays R I^ R L to di- 
verge in directions L r, L r, which when continued backwards 
will meet exactly in the focus F, which will be its virtual 
focus. 
If a plano-convex lens has its convex surfiice, L A L, part 

Fig. 4a. 




of a hyperboloid formed by the revolution of a hyperbola whose 
greater axis is to the distance between the foci as unitv is to 
the index of refraction ; then parallel rays, R L, R L, &lling 
perpendicularly on the plane surface will be refracted without 
aberration to the fiurther focus of the hyperboloid. The same 
property belongs to a plano-concave lens, having a similar 
nyperbolic surrace, and receiving parallel rays on its plane 
surface. 

A meniscus with spherical sur&ces has the property of re- 
fracting all converging rays to its focus, if its first suSrfoce is 




^B 



convex, provided the distance of the pomt of convergence or 
divergence from the centre of the first surfiice is to the radius 
of the first surfiice as the index of refraction is to tunity* 



OH OraiOB. rA.BTU 

Tboe, if M L L N ia s atmaam, aid R I* R L nya coiiveis> 
JQg totbe pamt E, whoee diotanca £ C fniiB the centra of t£e 
firet surtacB L A L of the meniaeue is to the radiuB C Aot 
C Liia the index of refnotion ie to uni^, that is u 1-500 to 1, 
in shm ; then if F- is the Edcim of the first surfiuie, describe 
wil£ an; radius les than F A a circle M a N for the aeccmd 
Buc&cG of the leoH. Now it will he found by piojectian that 
the lays R L, R L, whether near the axis A E or remote from 
■ it, will be refracted accurately to the focus F, and as all Uiese 
ra^a fall perpendicularly on the second sur&ce, they will 
BtiU pas9 (HI without refraction to the tbcua F. In like maiuier 
it is obvioue that rays P L, F L diverging finom P will be re- 
fracted into R Ii, R L, which diverge accurately froto the vir- 
tual fbcua. 

When these properties of the ellipse and hyperbola, and of 
the solids general^ by their revolution, were first discovered, 
philosopherB exerted ^ their ingenuity in grinding and polish- 
ing lenses with elliptical and hyperbolical sur&ces, and varioua 
ingenious mechanical contrivances vrere proposed fbr this pur* 
ppee. These, however, have not succeeded, and the pracUcal 
-difficulties which jet require to be overcome are so great, that 
lenses with sphencal siu^es are the only ones now in use 
tor optical instrumenta. 

But though we cannot remove or diminish the spherical 
abemition of single lenses beyond lyj,ths of their thickness, 
yet by combining two or more lensee, and making opposite 
aberrations correct each other, we can remedy this defect to a 
very conaidemble extent in some cases, and in other cases re- 
move it altogether. 

(58.) Mr. Herschel has shown, that if two plano-convex 

lenses A B, C D, whose focal lengths are as 2-3 to 1, are placed 

with their cmvex sides together, A B the least convex being 

next the eye when the combination is to be used as a micro- 

acope, the aberration will be onljr 0248, or cme fourth of that 

H..U. of a single lens in its best form. 

When this lens is used to form an 

image, A B must be turned to'the 

object If the focal lengths of the 

two leases are equal, the spherical 

> aberration vrill be 0^03, or a little 

more than one-half of a single lens 

I in its best form. 

Mr. Herschel has also shown that 

the spherical aberration may be 

wholly remoimd W combining a 

meniscus C D with a double convex lens A B, as in Jl([i. 48. 

lUid 44., the leru A B being turned to the eye when it u uaed 
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for a microscope, and to the object when it is to be used fin 
forming images, or as a buming-glassL 





The following are the radii of curvature for these lenses, 
as computed by Mr. Herschel ; the first supposes, as a condi- 
tion, tluLt the focal length of the compound lens shall be as 
near 10<XX) as is consistent with correcting the aberration ; 
and the second, that the same focal length shall be the least 
possible : — 

Fig. 43. Kg. 44. 

Focal length of the double convex ) , 1 0*000 4- lOOOO 

Radius of its first or outer surfiice + 5*833 + 5*833 

Radius of its second surfiice . . — 35*000 — 35*000 

Focal lenffth of the meniscus C D +- 17*829 + 5*497 

Radius of its first surface . . . + 3*688 + 2*054 

Radius of its second surface . . + 6*291 + 8*128 

Focal length of the compound lens + 6*407 + 3*474 

Spherical Aberration of Mirrors, 

^.) We have already stated, that when parallel ra3rs, A M, 
A Pf, are incident on a spherical mirror, M N, they are re- 
fracted to the same focus, F, only when they are incident very 
near the axis, AD. If F is the focus of those very near the 

^.45. 




axis, such as A m, then the focus of those more remote, such 
as A M, will be at / between F and D, and/F will be the 
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longitadinal spherical aberration, which will obviously increase 
wim the diameter of the mirror when its curvature remains 
the same, and with the curvature when its diameter is con- 
stant The images, therefore, formed by mirrors will be in- 
distinct, like those formed by spherical lenses, and the indis- 
tinctness will arise firom the same cause. 

It is manifest that if M N were a curve of such a nature 
that a line, A M, parallel to its axis, AD, and another line, 
fM. drawn from M to a fixed point, f^ should always form 
equal angles with a line, C M, perpendicular to the curve 
M N, we should in this ctise have a sur&ce which would, re- 
flect parallel rays exactly to a focus /, and form perfectly dis- 
tinct images of objects. Such a curve is the parabola ; and, 
therefore, if we could construct mirrors of such a form that 
their section M N i& a parabola, they would have the invalua- 
ble property of reflecting parallel rays to a single focus. 
When the curvature of the mirror is very small, opticians 
have devised methods of communicating to it a parabolic 
figure ; but when the curvature is great, it has not yet been 
found practicable to give it this figure. 

In the same manner it may be shown, that when diverging 
rays fall upon a concave mirror of a s{^erical form, they wiU 
be reflected to diflerent points of the axis; and that if a sur- 
face could be formed so that the incident and reflected rays 
should form equal angles with a line perpendicular to the sur- 
face at the point of incidence, the reflected rays would all 
meet in a single point as their focus. A surfiice whose sec- 
tion is an ellipse has this properly ; and it may be proved 
that rays diverging from one focus of an ellipse will be re- 
flected accurately to the other focus. Hence in reflecting 
microscopes the mirror should be a portion of an ellipsoid ; 
the axis of the mirror being the axis of the ellipsoid, and the 
object being placed in the focus nearest the mirror. 

On Caustic Curves formed by Rejlexion and Refraction,* 

(60.) Caustics formed by reflexion.— Aa the rays incident 
on different points of a reflecting^ surface at.difl!erent distances 
from its axis are reflected to diflerent foci in that axis, it is 
evident that the rays thus reflected must cross one another at 
particular points, aiid wherever the rays cross they will illu- 
'minate the white ground on which tJiey are received with 
twice as much light a» falls on other parts of the ground. 
These luminous intersections form curve lines, called caustic 
lines or caustic curves ; and their nature and form will, of 

^ " ' ' »-■ ■■■■ ■■■^■-■P^.IIBII. ■ ■ — ■ ■ — - ■■■■■■■. I I IIIIB ■^p^H^ 

* See (in the College edition) the Appendix of Am. ed. cbap. v. 
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couree. vaiy with the aperture of the minw, tuid the diatAoce 
of the nulituit pdint 

In Older to explain their node of fiirmatioii snd genenl 
propertiee, let M B N be a concave spherical miircH', fig. 46^ 
whose centre is C, and whoee focus for pnnllel and central 



raja is F. Let R M B be a divei^piog beam of light filing' 
on the upper part U B, of the mirror at the points 1, 2, 3, 4, 
&e. If we draw linee perpendicular to all these points from 
the centre C, and make the angles of refiexiim equal to the 
angles of incidence, we shall obtain the directions and fix;! of 
all the reflected rays. The ray R 1, near the aais R B, will 
have ita coDJUMte focus at f, between F and the centre C, 
The next ray, R 2, will cut the axis nearer F, and so on with 
aX\ the rest, the foci advancing from fto'B. By drawing all 
die reflected rays to these foci, they will be found to intenect 
one another as m Ihe fignre, and to form by their intersecttomt 
the coutCtc curve M/ If the light h»d also been incident 
on the lower part of the mirror, a similar caustic shown by a 
dotted line would also have been formed between N and / 
If we suppose, therefore, the point of incidence to move from 
M to B, the oonjugate focus of any two contiguous rays, or 
an infinitely sleiider pencil diverging from R, will, move along 
the caustic from M to / 

Let us now suppose the convei surface M B N of the mir^ 
ror to he polished, and the radiant point R to be placed as &r 
to the right hand of B as it is now to the left:, it will be found, 
by drawing the incident and reflected rays, that they will di- 
verge after reflexion ; and that when continued backwards 
thev will intersect one another, and form an imaginary caustic 
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ntu&ted behind the convei mr&ce, snd aimilar to the real 

If we suppose the coDvez mirror M B N to be completed 
round the same centre, C, as at MAN, and the pencil .of 
rays still to radiate from R, they will fbnu the ima^nary 
caustic M/Tf smaller than H/N, and uniting' with it at 
the points H, N. 

Let the radiant point R be now suppoeed to recede from 
the mirror M B N, the line B/, which is called the tatigeta 
of the real caustic M/N, will obviou^ dimiuieh, because 
the conjugate focus / will B)^iroach to F ; and, Sx the same 
reason, the tangent A ^ of the imaeinarj caustic will in- 
crease. When^ becomes infinitely distant, and the incident 
ra^e parallel, the points //*, called the eutpt ol the caustic, 
will both coincide with P and F', the principal fiici, and will 
have the eery eamasize and form. 

But if the radidt point R approaches to the mines, the 
cusp / of the real caustic will approach to the centre C, and 
the tangent B / will mcrease, the cusp ^ of the imaginary 
caustic will approach A, and its tangent A/', will diminish; 
and when the tadiant point arrives at the circumference at A, 
the CMpf will also arrive at A, and the imaginary caustic 
will disappear. At the same time, the cusp / of the real 
caustic will be a little to the right of C, and its two opposite 
summits will meet in the radiant point at A. 

If we suppose the radiant point R now to enter within tha 
circle AMEN, as shown m /^. 47., so that R C is less than 
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aft b r, having their common casp at r, and of two lon^r 
branches, af^hf^ which meet in a focus at f. When R C is 
greater than R A, the curved branches that meet at f behind 
Uie mirror will diverge, and have a virtual focus within the 
mirror. When R coincides with P, a point half-way between 
A and C, and the virtual principal focus of the convex mirror 
MAN, these curved branches become parallel lines; and 
when R comcides with the centre C, the caustics disappear, 
and all the light is condensed into a single mathematical point 
at C, from which it again diverges, and is again reflected to 
the same point 

In virtue of the principle on which these phenomena de- 
pend, a spherical mirror has, under certain circumstances, the 
paradoxical property of rendering rays diverging fnm a fixed 
point either parallel, diverging, or converging ; that is, if the 
radiant point is a little way within the principal focus of a 
mirror, so that rays very near the axis are reflected into par- 
allel lines, the rays which are incident still nearer the axis 
will be rendered diverging, and those incident farther from 
the axis will be rendered converging. This property may be 
distinctly exhibited by the projection of the reflected rays. 

Caustic curves are frequently seen in a ^evy distinct and 
beautiful manner at the bottom of cylindrical vessels of china 
or earthenware that happen to be exposed to the light of the 
sun or of a candle. In these cases the rays generally fall too 
obliquely on their cylindrical surface, owing to their 'depth; 
but this depth may be removed, and the caustic curves beau- 
tifully displayed, by inserting a circular piece of card or 
white paper about an inch or so beneath their upper edge, or 
by fillinff them to that height with milk or any white and 
opaque fluid. 

The following method, however, of ex- 
hibiting caustic curves I have found ex- 
ceedingly convenient and instructive. Take 
a piece of steel spring highly polished, such 
as a watch-spring, M N, fig. 48., and hav- 
ing bent it into a concave form as in the 
figure, place it vertically on its edge upon 
a piece of card or white paper A B. Let 
it then be exposed either to the rays of 
the sun, or those of any other luminous 
body, taking care that the plane of the 
card or the paper passes nearly through 
the sun ; and the two caustic curves shown 
in the figure will be finely displayed. By 
varying the size of the spring, and bending 

F 
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it mto curves of different shapes, all th^ variety of caustics, 
with their cusps and points of condtrary flexure, will be finely 
exhibited. The steel may be bent accurately into different 
curves by applying a portion of its breadth to the required 
curves drawn upon a piece of wood, and either cut or burned 
sufficiently deep in the wood to allow the edge of the thin 
strip of metal to be inserted in it Gold or silver fi>il answers 
verv well ; and when the light is strong, a thin strip of mica 
wUl also answer the purpose. The best substance of all, 
however, is a thin strip of polished silver. 
Xi^ (61.) Caustics formed by refraction. If we expose as 
r globe of glass filled with water, or a solid ^herical lens, or 
even the belly of a round decanter, filled with water, to the 
rays of the sun, or to the light of a lamp or candle, and re- 
ceive the refracted light on white paper held almost parallel 
to the axis of the sphere, or so that its plane passes nearly 
through the luminous body, we shall perceive on the piqjer a 
luminous figure bounded by two bright caustics, like af and 
b f, fig. 47., but placed Sehind the sphere, and forming a 
sharp cusp or angle at the point /, which is the focus of re- 
fracted rays. The production of these curves depends upon 
the intersection of ra^s, which, being incident on the sphere 
at different distances from the axis, are re&acted to foci at di^ 
ferent points of the axis, and therefore cross one another. 
This result is so easily understood, and may be exhibited so 
clearly, by projecting the refiracted rays, tbat it is unneces- 
sary to say any more oh the subject 

Some of the phenomena of caustics produced by refraction 
may be illustrated experimentally in the following manner:— 
Take a shallow cylindrical vessel of lead, M N, two or three 
inches in diameter, and cut its upper margin, as shown in the 
figure, leaving two opposite projections, ac, bd, forming each 
about 10^ or l5P of the wbole circumference. Complete the 
circumference by cementing on the vessel two strips of mica, 
j_, ^(^ so as to substitute hr the laid that has 

' been removed two transparent cylin- 

^^ drical sur&ces. If this vessel is filled 

with water, or any other transp&r^at 
fluid, and a piece of card or white 
peqper, A B C I), is held almost paral- 
lel to the sur&ce of the water, and 
having its plane nearly passing 
through the sun or the candle, the caustics A F, D F will be 
finely displayed. By altering the curvature of the vessel, 
and that of the strips of mica, many interesting variations d 
the experiment may be made. 
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PART II. 



PHYSICAL OPTICS. 



(62.) Phtsioal Optics is that branch of the science which 
treats of the physical properties of light These properties 
are exhibited in the decompositioa and recomposition of white 
light; in its decomposition by absorption ; in the inflexion or 
difiraction of light ; in the colors of thick and thin plates ; and 
in the doable rSTraction and polarization of light 



CHAP. VII. 

ON THE 0OL0B8 OF UOBT, AMD ITS DECOICPOSITION. 

(63.) Is the preceding chapters we have regarded light as 
a simple substance, aU me parts of which had the same index 
of ren-action, and therefore suffered the same changes when 
acted upon, by transparent media. This, however, is not its 
constitution. White light, as emitted ffom the sun or from 
any luminous body, is composed of seven different kinds of 
li^t, viz., red, orange, yeUow, green, blue, indigo, and violet; 
9^ this compound substance may be decomposed, or analyzed, 
or separated into its elementary parts, by two different pro- 
cesses, viz., by refraction and absorption. 

The first df these processes was that which was employed 
by Sir Isaac Newton, who discovered the composition oi white 
light Having admitted a beam of the sun*s ligl^^ S H, 
through a smiall hole, H, in the window-shutter, E F, of a 
darkened room, it wiH go on in a straight line and form a 
round white spot at P. If we now interpose a prism, BAG, 
whose refracting angle is B A C, so that this beam of light 
may ^1 on its first sur&ce CA, and emerge at the same 
angle from its second surface B A in the direction g 6, and if 
we receive the refracted beam on the opposite wall, or rather 
on a white screen, M N, we should expect, from the principles 
already laid down, that the white beam which previously fell 
upon F would suffer only a change iii its direction, and fall 
somewhere upon M N, forming there a round white spot ex- 
actly similar to that at P. But this is not the case. Instead 
of a white spot, there will be formed upon the screen M N an 



bemu of I'gfat divei^^ing &om its emererace out of the priam 
at j^. ant' beine bounded by the lines g-K,^ L. This lei^tfa- 
enod iiiMge <« the huh is called the tolar spectrum, or the 
pnmMic tpeetntm. If the aperture H is sniaJI, and the die' 
lanr* g G considerable, the colors of the spectrum will be very 
tiriffhl- The lowest portion of it at L is a brilliant red. This 
(ecT shades off by imperceptible gradations into orange, the 
oratxge into yeUow, HieyeUow into green, the green into blue, 
the bme into a pure ifiMgo, and the indigo into a. violet. No 
lines are seen acroee the spectrum thus produced; and it \b 
extremely difficult for the sharpest eye to point out the bound- 
ary of the different colors. Sir Isaac Newton, however, hy 
many trials, found the lengths of the colors to be ss Killows, 
in the kind of glass of which his prism was made. We have 
added the results obtained by Frauobofer with flint glass. 

Red 45 56 

Orange 37 ST 

Yellow ..... 4S 37 

Green 60 46 

BIdd 60 48 

Indigo 40 47 

Violet 80 109 

Total kngth 360 360 
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Tbase ^okxraiaoe O0t equally brtUiftot At the lower end, L, 
of the apeefcnim the red is ceoipantivelv faint, but grows 
hdl^tter as it apparoecbes the orange. T|pie light increases 
laaHy to the middle of the yellow space, where it is 
Mivfatest; aod firom this it graduafiy declines to the upper or 
vimet.end, K, of the spectrum, whcve it is extremely famt 

(M.) From the {rftenomena which we have now described, 
Sir Isaac iT^ewtosi concluded that the beam of white light, S, 
is oampoanded of light of seven different cobrs, and thi&t for 
each of these difS^ent kinds of light, the flaas, of which his 
|»ism was made, had different indices of refract&on ; the index 
of refraction for the red light being the least, and that of the 
tnciet the greatest 

If the prism is made of crmon gUus, for example, the in- 
dices of refraction for the dijOferent colored rays will be as fol- 
lows:-^ 



of 
BcfracUoo. 



ladvsar 



Red 1-5258 

Orange 1-5268 

Yellow 1-^96 

Gfeen 1-5330 



Bhie 1*5360 

Indigo 1^17 

Yioka 1*5466 



If we now draw the prism, fi A C, on a great scale, and de- 
termine the prcgress of the refracted rays, supposed to be in- 
cident upon the same point of the first surface C A, by using 
for each ray the index of refraction in the preceding table, we 
shall find them to diverge as in the preceding figure, and to 
form the different colors m the order of those in the spectrum. 

In order to examine each color separately, Sir Isaac made 
a hole in the screen M N, opposite the centre of each colored 
space; and he allowed that particular color to fall upon a 
second prism, placed behind the hole. This light, when re- 
fracted by the second prism, was not drawn out into an oblong 
image as before, and was not refracted into any other colors. 
Hence he concluded that the light of each different color had 
the same index of refraction ; and he called such light homo- , 
geneouSf or simple, white light being regarded as heteroge- 
neous or confound. This important doctrine is called the 
different refrangibility of the rays of light The different 
colors as existing in the spectrum are called primary colors ; 
and any mixtures or combinations of any of tnem are called 
secondary colors, because we can easily separate them into 
their primary colors by refraction through the prism. 

(65.) Having thus clearly established the composition of 
wlute light, Sir Isaac also proved, experimentally, uiat all the 
seven colors, when again combined and made to lall upon the 
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same spot, formed or reeomposed white light This important 
truth he established by various experiments; but the ibUowing 
method of proving it is so satisfactory, that no fiuther evidence 
seems to be wanted. Let the screen M N, Jig, 50., which re- 
ceives the spectrum, be gradually brought nearer the prism 
B A C, the spectrum K L will gradually diminish ; but though 
the colors begin to mix, and encroach upon one another, yet, 
even when it is brought close to the face B A of the prism, we 
shall recognize the separation of the light into its component 
colora Jf we now take a prism, B a A, shown by dotted lines, 
made of the same kind or glass as B A C, and having its re- 
fracting angle A B a exacUy equal to the refracting angle 
B A C of the other prism ; and if we place it in the opposite 
direction, we shall find that all the seven differently colored 
rays which fall upon the second prism, A B a, are again com- 
bined into a single beam of white light ^ P, forming a white 
circular spot at P, as if neither of the prisms had b^n inter- 
posed. The very same effect will be produced, even if the 
sur&ces, A B, of the two prisms are join^ by a transparent 
cement of the same refractive power as the glasi^ so as to re- 
move entirely the refractions at tiie common surfkce A B. In 
this state the two prisms combined are nothing more than a 
thick piece of ^lass, B C A a, whose two sides, A C, a B, are 
exactly parallel; and the decomposition of the light by the re- 
fraction of the first surface, A C, is counteracted by the oppo- 
site and equal refraction of the second surface, aB; that is, 
the li^ht decomposed by the first sur&ce is reeomposed by the 
second surface. The refraction and re-union of the rays in 
this experiment may be well exhibited by placing a thick plate 
of oil of cassia between two parallel plates of ^lass, and 
making a narrow beam of the sun*s light fall upon it very ob- 
liquely. The spectrum formed by the action of the first sur- 
&ce will be distinctly visible, and the re-union of the colors 
by the second will be equally distinct We may, therefore, 
consider the action of a plate of parallel glass on the sun's 
rays, that is, its property of transmitting them colorless, as a 
sufficient proof of the recomposition of light 

The same doctrine may be illustrated experimentally by 
mixing together seven difierent powders having the same 
colors as £oee of the spectrum^ taking as much of each as 
seems to be proportional to the rays in each colored space. 
The union of these colors will be a sort of srayish-white, be- 
cause it is impossible to obtain powders of uie proper colors. 
The same result will be obtained, if we take a circle of paper 
and divide it into sectors of the same size as the colored 
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qsares ; and when this circle is made to rerolve rapidly, the 
eifect of all the colors when combined will be & grayish-white. 

Decomposition of Light by Absorption, 

(66.) If we measure the quantity of light which is reflected 
iSrcmi the sur&ces and transmitted through the substance of 
transparent bodies, we shaU find that the sum of these quan* 
titles is always less than the quantity of light which fidls 
upon the body. Hence we may conclude that a certain por- 
tion of l^ht is lost in passing through the most transparent 
bodiea This loss arises from two causes. A nart of the light 
is scattered in all directions by irregular renezion from the 
imperfectly polished surfiice of particular media, or from the 
imperfect onion of its parts ; while another, and ^nf rally a 
greater portion, is absorbed, or stopped by the particles of the 
body. Colored fluids, such as black and red ink, though 
equally homogeneous, stop or absorb different kinds of rays, 
and when exposed to the sun they become heated in different 
degrees; while pure water seems to transmit all the rays 
equally,* and scarcely receives any heat from the passing light 
of the sun. 

When we examine more minutely the action of colored 
glasses and colored fluids in absorbins' light, many remarkable 
I^enomena present themselves, which t&ow much light upon 
this curious subject 

If we take a piece of blue glass, like that generally used 
ibr finger glasses, and transmit through it a beam of white 
light, the light will be a fine deep blue. This blue is not a 
simple homogeneous color, like the blue or indijgo of the spec- 
trum, but is a mixture of all the colors of white light which 
the glass has not absorbed ; and the colors which the ^lass 
has absorbed are those which the blue wants of white light, 
or which, when mixed with this blue, would form white light 
In order to determine what these colors are, let us transmit 
through the blue glass the prismatic spectrum K I^ Jig, 50. ; 
or, what is the same thing, let the observer place his eye be- 
hind the prism BAG, and look through it at the sun, or 
rather at a circular aperture made in the window-shutter of 
a dark room. He will then see through the prism the spec- 
trum K L as fiir below the aperture as it was above the spot P 
when shown in the screen. Let the blue glass be now inter- 
posed between the eye and the prism, and a remarkable spec- 
trum will be seen, deficient in a certam number of its diror- 

m - 
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• See Note It, of Am. ed., wbidi foUowi tbe mutlior** Appendix. 
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eotlv adored raya A portioukr thiekness afaaorbe the raid^ 
of toe red apace, ike whole of the ^MraQge* a great part of the 
green, a considerable part of the blue, a little of the indigo, 
and very little of the violet The yellow space, which haa 
not been much absorbed, has mcreased in hreadtk. It occu- 
pies part of the apace formerly covered by the orange on one 
side, and part of the space fonnerly coverod bf the green oa 
the other. Hence it fellows, that the bkie glass has absorbed 
the red light, wMch, when mixed with the ydlow light, coa- 
stitated orange^ and has absorbed also the blue liglit, which, 
when mixed with the yeiJoto, constituted the part oi the 
green space next to the yeUaw, We have therefore, by ab* 
sorption, decomposed green light into yellow and bkte^ and 
orange light into yeUmo and red ; and it consequently fellows, 
that the orange and green rays of the spectrum, though they 
cannot be decomposed by prismatic refraction, can be decom- 
posed by absorption, and actually consist of two different 
colors possessing the same degree of refrangibility. Differ^ 
ence of color is therefore not a test of difference of refrangi' 
bility, and the ccHiclnsion deduced by Newton is no longer 
admissible as a general truth : ^ That to the same degree of 
refrangibility ever belongs the same color, and to the same 
color ever belongs the same degree of refrangibility." 

With the view of obtaining a complete aniuysis of the spec- 
trum, I have examined the spectra produced by various bodies, 
and the changes which they undergo by absorption when 
viewed through various colored media, aind I find that the 
color of every part of the spectrum may be changed not only 
in intensity, but in color, by the action of particular media ; 
and from these observations, which it would be out of place 
here to detail, I conclude that the solar spectrum con^sts of 
three spectra of equal lengths, viz. a red spectrum, a yellow 
spectrum, and a bhte spectrum. The primary red spectrum 
has its maximum of intensity about the mitidle of the red 
space in the solar spectrum, the primary yeUow spectrum bsa 
its maximum in the middle of the yeiUaw space, and the 
primary blue spectrum has its maximtnn between the blue 
and the indigo space. The two minima of each of the three 
primary ^)ectra coincide at the two extremities of the sdar 
spectrum. 

From this view of the constitution of the solar spectrum 
we may draw the following conclusions :— 

1. Red, yellowt and blue light exist at every point of the 
solar spectrum. 

2. As a certain portion of red, yellow, and blue constitute 
white light, the color of every point of the spectriun may be 
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considered as consisting of the predominating color at any 
point mixed with white light In the red space there is more 
red than is necessary to make white light with the small por- 
tions of yellow and blue which exist there; in the yellow 
space there is more yellow than ia necessary to make white 
l^ht with the red and blue ; and in the part of the blue space 
which appears violet there is more red than yellow, and 
hence the excess of red forms a videt with the blue. 

3. By absorbing the excess of any color at any point of the 
spectrum above what is necessary to fcam white li^ht, we 
may actually cause white light to appear at that pomt, and 
this white light will possess the remarkable property of re- 
maining white after any number of refractions, and of being 
decomposable only by absorption. Such a white light I have 
succeeded in developing in different parts of the spectrum. 
These views harmonize in a remarkable manner with the 
hypothesis of three colors, which has been adopted by many 
philosophers, and which others had rejected from its incom- 
patibility with the ph^ioinena of the spectrum. 

The existence of three primary colors in the spectrum, and 
the mode in which they produce by their combination the 
seven secondary or compound colors which are developed by 
the prism, will be understood from fig. 51. where M Kis the 
prismatic spectrum, consisting of t!uree primary spectra of the 
same lengths, M N, viz. a red, a yelkno, and a blue spectrunL 
The red spectrum has its maximum intensity at R; and this 
intensity may be represented by die distance of the point R 
from M N. The intensi^ declmes rapidly to M and slowly 
to N, at both of which points it vanishes. The yeUow sfeo- 




tram has its maximum intensity at Y, the intensity declining to 
zero at M and N ; and the blue has its maximum intensity at 
]B^ declining to nothmg at M and N. The general curve 
which represents the total illumination at any point will be 
outside of these three curves, and its ordinate at any point 
will be equal to the sum of the three ordinates at the same 
point. Thus the ordinate of the general curve at the point Y 
win be equal to the ordinate of Sie yellow curve, which we 



70 A TBEATISE ON OPriCS. PART 11. 

may suppose to be 10, added to that of the red curve, wbick 
may be 2, and that of the blue, which may be 1. Hence thf 
general ordinate will be 13. Now, if we suppose that 3 partf 
of yellow, 2 of red, and 1 of blue make white, we shall have 
the color at Y equal to 3 -f 2 -f 1» equal to 6 parts of whit* 
mixed with 7 parts of yellow ; that is, the compound tint ai 
Y will be a bright yellow without any trace of red or blue. 
As these colors all occupy the same place in the spectrum, 
they cannot be separated by the prism ; and if we could find 
a colored glass which would absorb 7 parts of the yellow, we 
should obtain at the point Y a white light which the prisni 
could not decompose.* 



CHAP. vm. 

ON TBB SmPBRSION QF LIGBT. 

In the preceding observations, we have considered the pri» 
matic spectrum, K l^Jig. 50., as produced bv a prism of glaai 
having a given refracting angle, BAG. The green ray, at 
g G, which, being midway between g E and ^ L, is called 
the rnean ray of the spectrum, has been refracted from P to 
G, or through an angle of deviation, Pg* G, which is called 
the mean refraction or deviation, produced by the prism. If 
we now increase the axi^e B A C of the prison, we shall in> 
crease the refraction. The mean ray g G will be refracted 
to a greater distance from P, and the extreme rays ^ L, ^ K, 
to a greater distance in the same proportion ; that is, ^ ^ G 
is refracted twice as much, g L and g K will also be refracted 
twice as much, and consequently the length of the spectrum 
E L will be twice as great For the same reason, if we 
diminish the angle BAG of the prism, the mean refraction 
and the spectrum will dimini^ in the same proportion ; but, 
whatever be the angle of the papism, the len^ E L will al- 
ways bear the same proportion to G P, the mean refraction. 

Sir Isaac Newton supposed that prisms made of all sub- 
stances whatever, produced spectm bearing the same propor- 
tion to the mean refraction as prisms of glass ; and it is a re-, 
markable circumstance, that a philosopher of such sagacity 
should have overlooked & &ct so palpable, as that different 
bodies produced spectra whose lengths were different, when 
the mean refraction was the same. 

The prism BAG being supposed to be made of crown 

* See Note III., by Am. ed., following the author's Appendix. 
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glass, let UQ take another €i flint glass or white crystal^ with 
sach a refracting angle that, when placed in the positioa 
B A C, the light enters and quits it at equal angles, and re* 
fracts the mean rav to the same point G. The two prisms 
ought, therefore, to have the same mean refraction. But when 
we examine the spectrum produced by the flint glass prism, 
we shall find that it extends bey(xid K and L, and is evidently 
longer than the spectrum produced by the crown glass prism* 
Hence flint glass is said to have a greater disoersive power 
than crown glass, because at the same angle or mean refrac- 
tion it separates the extreme rays of the spectrum, ^ L, ^ K, 
fiirther from the mean ray g G. 

In order to explain more clearly what is the real measure 
cf the dispersive power of a body, let us suppose that in the 
croum glass prism, B A C, the index of refracticxi for the ex- 
treme violet ray, ^ K, is 1*5466, and that for the extreme red 
ray, g L, 1*5256 ; then the difference of these indices, or 
-0206, would be a measure of the dispersive power of crown 
glass, if it and all other bodies had the same mean refraction: 
but as this is far finom being the case, the dispersive power 
must be measured by the relation between -0206 and the 
mean refiraction, or 1*5330, or to the excess of this above 
unity, viz., *5330, to which the mean refraction is always pro- 
portional For the purpose <^ making this clearer, let it be 
required to compare the di^)er8ive powers of diamond and 
crown glass. The index of refraction of diamond for the ex- 
treme violet ray is 2*467, and for the extreme red, 2*411, and 
the difference of these is *0560, nearly three times as great as 
0208, the same difference for crpwn glass; but then the dif- 
ference between the sines of incidence and refractbn, or the 
excess of the index of refraction above unity, or 1*439, is also 
about three times as great as the same difference in crown 
^lase^ viz., *5330; and, consequently, the dispersive power of 
diamond is very little greater than that of crown glass. The 
two dispersive powers are as follows:— 

Crown Glass . . . :5|J« = 0-0336 
Diamond .... ^^Iff = 0-0388 

This similarity of dispersive power might be proved experi- 
mentally, by taking a prism of diamond, which, when placed 
at B A C inflg, 50., produced the same mean refraction as the 
green ray g G, It would th^ be seen that the spectrum 
which it produced was of the same length as that poduced 
by the prism of crown fflass. Hence the splendid colors 
which distinguish diamond from every other precious stono 
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are not owing to its high dispersive power, but to its great 
mean refraction. 

As the indices of refraction given in out table of refractive 
powers are nearly suited to the mean ray of the spectrum, 
we may, by the second column of the Table of the Dispersive 
Powers of Bodies, given in the Appendix, No. L, obtain the 
approximate indices of refraction for the extreme red and the 
extreme violet rays, by adding half of the number in the col- 
umn to the mean index of refraction for the index of refrac- 
tion of, the violet, and subtracting half of the same numher 
for the index of the red ray. The measures in the table are 
given for the ordinary light of day. When the sun*s light is 
used, and when the eye is screened from the middle rays of 
-the spectrum, the red and violet may be traced to a much 
greater distance from the mean ray of the spectrum. 

When the index of refraction for the extreme ray is thus 
known, we may detennine the position and length of the 
spectra produced by prisms of different substances, whatever 
be their refracting angle, whatever be the positions of the 
prism, and whatever be the distance of the screen on which 
the spectrum is received. 

If we take a prism of crovm glass, and another of flint 
glass, with such refracting angles that they produce a spec- 
trum of precisely the same length, it will be fo^nd, that when 
the two prisms are placed together with their refracting angles 
in opposite directions, they will not restore the refracted pencil 
to the state of white light, as happens in the combination of 
two equal prisms of crown or two equal prisms of flint glass. 
The white light F, Jig, 50., will be tinged on one side with 
purple, and on the other with green light This is called the 
secondary spectrum, and the colors secondary colors ; and it 
is manifest that they must arise from the colored spaces in the 
^ctrum of crown glass not being equal to those in the spe<>- 
trum of flint glass. 

In order to render this curious property of the spectrum 
very obvious to the eye, let two spectra of equal length be 
formed by two hollow prisms, one containing oU of cassia^ 
and the other sulphuric acid. The oil of cassia spectrum will 
resemble A B,Jig. 52., and the sulphuric acid spectrum C D. 
In the former, the red, orange, and yellow spaces are less than 
in the latter, while the blue, indigo, and violet spaces are 
greater ; the least refrangible rays being, as it were, contract- 
ed in the former and expanded m the latter, while the mast 
refrangible rays are expanded in the one and contracted in the 
other. In consequence of this difference in the colored spaces, 
the middle or nfean ray m n does not pass through the same 



color in both spectra. In the oil of eatsia spcctram it is in 
the blue space, and in tlie lulpkuric acid epectTum it ib in liie , 



TdlMr. 
Oim.|» 



green space. As the colored spaces have not the «me ratio 
t6 one another aa the lengths of the spectra which they com- 
pose, this property has been called the iiratiimalifij of ditper- 
•ton, or of the colored spaces in the spectrum. 

In order to ascertain whether any prism contracts or e.T- 
pands the least refrangible rays more than another, or which 
of then) acts most on green light, take a prism of each with 
such angles that they correct each other's dispersion as much 
as possible, or that they produce spectra of the sama length. 
If, throHg-h the prisms placed with their refracting- angles in 
opposite directions, we look at the bar of the window parallel 
to the base of the prism, we shall see lis edges perfectly f>«e 
from color, provided the two prisms act equally upon green lighL 
But if they act differently on green light, the bar will have a 
fringe of purple on one side, and a fringe of ereen on tlie 
other; and the green fringe will always be on the same aid«. 
of the bar as the vertex of the prism which contracts the yel- 
low s^e and expands the blue and violet ones. That is, if 
the prisms are Smt and crown glaaa, the uncorrected green 
fringe will be on the lower side of the bar when the verteir of 
the flint glass prism points downwards. Flint glass, there&re, 
has a lese action upon green light than crown glats, and con- 
tracts in a greater degree the red and yellow spaces. 8e» 
Appendis, No. IL 
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CHAP. IX. 
ON THK PRINCIPLE OF ACHROMATIC TKLBBOOPBB. 

In treating of the progress €i rays through lenses, it was 
taken for granted tiiat the light was homogeneous, and that 
every ray that had the same angle of incidence had also the 
same angle of refraction ; or, what is the same thing, that 
every ray which fell upon the lens had the same index of re- 
fraction. The observations in the two preceding chapters 
have, however, proved that this is not true, and that, in the 
case of light fidling upon crown glass, there are rays with 
every possible index of refraction from 1*5258, the index of 
refraction for the red, to 1*5466, the index of refraction for the 
violet rays. As the light of the sun, by which all the bodies 
of nature are rendered visible, is white, this property of lights 
viz. the different refranffibility of its parts, arocts greatly tho 
formation of images by lenses of all kinds. 

In order to explain this, let L L be a convex lens of crown 
glass, and R L, R L rays of white light incident upon it par- 

Fig. 53. 




allel to its axis R r. As each ray R L of white light consists 
of seven differently colored rays having different degrees of 
refrangibility or different indices of refraction, it is evident 
that all the rays which compose R L cannot possibly be re- 
fracted in the same direction, so as to fall upon one pomt The 
extreme red rays, for example, in R L, R L, whose index of 
refraction is 1*5258, if traced through the lens by the method 
formerly ffiven, will be found to have their focus in r, and C r 
will be the focal length of the lens for red rajrs. In like 
manner the extreme violet ravs, which have a greater index 
of refraction, or 1*5466, will be refracted to a focus v much 
nearer the lens, and C v will be the focal len^h of the lens 
for violet rays. The distance v r is called the cmromatic aber- 
ration, and the circle whose diameter is a 6 passing through 
the focus of the mean refrangible rays at o, is called the circle 
of least aberration. 
These effects may be shown experimentally by exposing the 
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lens L L to the panllel rays of the san. If we receive the 
image of the san on a piece of paper placed between o and C, 
the luminoos circle on the paper will have a red border, be- 
cause it is a section of the cone L a 6 L, the exterior rays Of 
which L a, L 6 are red ; bat if the paper is placed at any 

greater distance than o, tiie luminoos circle on the paper will 
ave a violet border, because it is a section of the cone I abVy 
the exterior rays of which al^bV are violet, being a contin- 
uation of the VK)let rays L o, L v. As the spherical aberration 
of the lens is here combined with its chromatic aberratioD, 
the undi^oised effect of the latter will be better seen by 
taking a large convex lens L L, and covering up all the cen- 
tal i»rt, leaving only a small rim round its circumference at 
L L, through which the rays of light may pass. The refiao- 
tion cf t)|e dijferently cdored rays will be then finely dis- 
played by viewing the image of the sun on the different sides 
of a h. 

It is clear from these observations that the lens will form a 
violet image of the sun at v, a red image at r, and images of 
the other colors in the spectrum at intermediate points be- 
tween r and v ; so that if we place the eye behind these 
images, we shall see a confusect image, possessing none of 
that sharpness and distinctness which it would have had if 
formed only by one kind of rays. 

The same observations are true of the refraction of white 
light by a concave lens ; only in this case the parallel rays 
which such a lens refracts diverge, as if they proceeded from 
separate foci, v and r, in front of the lens. 

If we now plaoe behind L L a concave lens G G of the 
same glass, and having its sur&ces ground to the same cur- 
vature, it is obvious tl^ since v is its virtual focus for violet, 
and r its virtual focus for red rays, if the paper is held at a 6, 
the focus of the mean refiim^ble ra]^ where the violet and 
red rays cross at a and 6, the unage will be more distinct than 
in any other position ; and when rays converge to the focus of 
any concave lens, they will be refracted into parallel direc- 
tions; that is, the concave lens will refract these converging 
rays into the parallel lines G2, G 2, and they will again form 
white light That the red and violet rays will be thus re- 
united in one^ viz. G 2, may be proved by projecting them ; but 
it is obvious also from the consideration that the two lenses. 
L L, G G actually form a piece of parallel glass, the outer 
concave surface of G G being parallel to the outer convex sur- 
face of L L. 

(67.) But though we have thus corrected the color produced 
by L L, by means of the lens G G, we have done this by a 
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useless combination ; since the two together act only like a 
piece of plane glass, and are incapable of forming an image. 
•If we make the concave lens G G, however, of a longer focas 
than L L, the two tonfether will act as a convex lens, and will 
form iuji^'^r ) A}\u.[ it, as the rays G /, G Z will now converge 
to a f CM6 ht hiud L L. But as the chromatic aberration of the 
leiiy G G will now be less than that of L L, the one will not 
correct or compensate the other ; so that the difference be- 
tween the two aberrations will still remain. Hence it is im- 
possible, by means of ttoo lenses of the same glass, to form 
an image which shall be free firom color. 

As Sir Isaac Newton believed that all substances whateveif 
{produced the same quantity of color, or had the same chro- 
matic aberration when formed into lenses, he concluded that 
it was impossible, by the combination of a concave y^ a con- 
vex glass, to produce refraction without color. But we have 
alre^y seen that the premises from which this conclusion was 
drawn are incorrect, and that bodies have different dispersive 
powers, or produce different degrees of color at the same mean 
refraction. Hence it follows that different lenses may produce 
the same degree of color when they have different focal 
lengths; so that if the lens L L is made of crown glass, whose 
index of refraction is 1*519, and dispersive power 0*036, and 
the lens G G of flint glass, whose index of refraction is 1*589, 
and dispersive power 0*0^3, and if the focal length of the 
convex crown-glass lens is made 4^ inches, and that of the 
concave flint-glass lens 7f inches, they will form a lens with a 
focal length of 10 inches, and iwill refract white light to a 
single focus free of color. Such a lens j^ called an ackro' 
malic lens ; and when used as a telescope, with another glass 
to magnify the colorless image which it forms of distant ob- 
jects, it constitutes the achromatic telescope, one of the 
greatest inventions of the last century. Although Newton, 
reasoning from his imperfect knowledge of the dispersive 
power of bodies, pronounced such an invention to be hopeless; 
yet, in a short time after the death of that great philosopher, 
it was accomplished by a Mr. Hall, and afterwards by Mr. 
DoUond, who brought it to a high degree of perfection. 

The image formed by an achromatic lens thus constructed 
would have been perfect if the equal spectra formed by the 
crown and ^nt glass were in every respect similar : but as 
we have seen that the colored spaces in the one are not equal 
to the colored spaces in the other, a secondary spectrum is 
left ; and therefore the images of all luminous objects, when 
seen through such a lens, will be bordered on one side with a 
purple fringe, and on the other with a green fringe. If two 



OOJLf* IZ- AGHSQMATIC TBLSSCOPB. 77 

flubstances ooold be found of .difierent refractive and diipersive 
powers, and capable of prodocinff equal spectra, in which the 
colored spaces were eqcud, a perfect achromatic lens would be 
produced : but, as no such substances have yet been found, 
philosc^hers have endeavored to remove the imperfection by 
other means; and Doctor Blair had the merit of surmounting 
the difficulty. He found that muriatic acid had the property 
of producing a primary spectrum, in which the green rays 
were among the most refinmgible, something like C Dfjig. 52., 
as in crown glass. But as muriatic acid has too low a refrac- 
tive and dispersive power to fit it for being used as a concave 
lens along with a convex one of crown ^lass, he therefore 
conceived the idea of increasing the refractive and dispersive 
pQwers of the muriatic acid, by mixing it with metallic solu- 
tions, such as muriate of antimony ; and he found he could do 
this to the requisite extent without altering its law of disper- 
sion, or the proportion of the colored iqpaces in its spectnim. 
By inclosing, therefore, muriate of antimony, L L, between 
two convex lenses of crown glase^ as A B, C D in fif, 54., 
Doctor Blair succeeded in re&acting parallel rays R A, RB 




to a sinj?le focus F, without the least trace of secondary 
color. Before he discovered this property of the muriatic 
acid, he had contrived another, though a more complicated 
comhinatian, for producing the same effect ; but as he prefer- 
red the combination which we have described, and employed 
it in the best aplanatic object-glasses which he constructed, it 
is unnecessary to dwell any longer upon the subject 

In these observations, we have supposed that the lenses 
which are combined have no spherical aberration ; but though 
this is not the case, the combination of concave with convex 
surfaces, when properlv adjusted, enables us completely to 
correct the spherical along with the chromatic aberration of 
lensea 

In the course of an examination of the secondary spectra 
produced by different combinations, I was led to the conclu- 
sion that there may be refraction without color^ hy moms of 
two prisms, and that two lenses may converge white light to 

G2 
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one fbcna, even though the priBDis and the lense* Are made of 
the same kind of glass. When one prism of a different angle 
is thus made to correct the dispersion of another prism, a <er- 
tiary spectrum is produced, which depends wholly on the 
angles at which the light is refracted at the two sur&ces of 
the prisms. See TreiitUe on New PkUfmopkical LMtrur 
mentis p. 400. 



CHAP. X. 

ON THB PSTSICAL PR0PSRTIB8 OF THK SFBCTBVM. 

(68.) Ih the preceding chapter we have oonsidered only 
those general properties of the solar spectrum on which the 
construction of achromatic lenses depends. We shall now 
I^oceed to take a general view of all its physical properties. 

On the Existence of Fixed Lines in the Spectrum, 

In the year 1802, Dr. Wollaston announced that in the 
spectram rormed by a fine prism of flint glass, free from veins, 
when the luminous object was a slit, the twentieth of an inch 
wide, and viewed at the distance of 10 or 12 feet, there were 
two fixed dark lines, one in the green and the other in the 
blue space. This discovery did not excite any attention, and 
was not followed out by its ingenious author. 

Without a knowledge of Dr. Wollaston's observation, the 
late celebrated M. Fraunhofer, of Munich, by viewing through 
a telescope the spectrum formed firom a narrow line of solar 
light by the finest prisms of flint glass, discovered that the 
surface of the spectrum was crowed , throughout its whole 
length by dark lines of different breadths. None of these lines 
coincide with the boundaries of the colored spaces. They are 
nearly 600 in number : the largest of them subtends an an^le 
of from 5'' to 10". From their distinctness, and the fiicihty 
'with which they may be found, seven of these lines, viz. 
fi, C, D, £, F, u, H, have been particularly distinguished by 
M. Fraunhofer. Of these B lies in the red space, near its 
outer ehd ; C, which is broad and black, is beyond the middle 
of the red ; D is in tiie orange, and is a strong double line, 
easily seen, the two lines, bemg nearly of the same size, and 
separated by a bright one; £ is in the green, and consists of 
several, the. middle one being the strongest ; F is in the blue, 
and is a very strong line ; G is in the indigo^ and H in the 
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vMet Besides these lines there are others which deserve to 
be noticed. At A is a well defined dark line within the red 
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space, and half-way between A and B is a group of seven or 
eight, forming together a dark band. Between B and C there 
are 9 lines ; between C and D there are 30 ; between D and 
E there are 84 of different sizes. Between E and 6 there are 
24, at b there are three very strong lines, with a fine clear 
space between the two widest ; between b and F there are 
52; between F and G 185; and between G and H 190, 
many being accumulated at G. 

These lines are seen with equal distinctness in spectra pro- 
duced by all solid and fluid bodies, and, whatever be the 
lengths of the spectra and the proportion of their colored 
spaces, the lines preserve the same relative position to the 
boundaries of the colored spaces ; and therefore their propor- 
tional distances vary with the nature of the prism by which 
they are .produced. Their number, however, their order, and 
their intensity are absolutely invariable, provided light comin|^ 
either directly* or indirectly from the sun be employed. 
Similar bands are perceived in the light of the planets and 
Jixed stars, of colored flames, and of the electric spark. The 
spectra from the light of Mars and from that of Venus con- 
tain the lines D, E, 1>, and F in the same positions as in sun- 
light In the spectrum from the light of Sirius, no fixed 
lines could be perceived in the orange and yellow spaces ; but 
in the green there was a very strong streak, and two other 
very strong ones in the blue. They had no resemblance, 
however, to any of the lines in planetary light The star 
Castor gives a spectrum exactly like that of Sirius, the 
streak in the green being in the very same place. The- 
streaks were also seen in the blue, but Fraunhofer could not 
ascertain their piece. In the spectrum of PoUua: there were 
many weak but fixed lines, which looked like those in Venus., 



* Fraunhofer found the very same lines in moonlight. 
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It had the lioe D, for example, in the very same place as in 
the light of the planets. In the spectrum of CapeUa the 
lines D and b are seen as in the sun's li^ht The spectrum 
of Betalgeus contains numerous fixed Imes sharply defined, 
and those at D and b are precisely in the same places as in 
sun-light It resembles the spectrum c^ Venus. In the spec- 
trum of Proclaim Fraunhofer saw the line D in the orange ; 
but though he observed other lines, yet he could not deter- 
mine their place with any degree of accuracy. In the spec^ 
trum of electric light there is a great number of bright lines. 
The spectrum from the light of a lamp contains none of the 
dark fixed lines seen in the spectrum from sun-light; but 
there is in the orange a bright line which. is more distinct 
than the rest of the spectrum. It is a double line, and 'oc- 
curs at the same place where D is found in the solar spec- 
trum. The ^spectrum from the light of a flame maintained by 
the blowpipe contains several distinct bright line&* 

(69.) Qne of the most important practical results c^ the 
discovery of these fixed lines in the solar spectrum is, that 
they enable us to take the most accurate measures of the 
refractive and dispersive powers of bodies, by measuring 
the distances of the lines B, C, D, &c Fraunhofer com- 
puted tiie table of the indices of refrabtion of different sub- 
stances, given in the Appendix, No. HI. From the numbers 
, in the Umle here referred to we may compute the ratios of 
' the dispersive powers of any two of the substances, by the 
method already explained in a preceding chapter. 

On the lUundnating Potoer of the Spectrum. 

(70.) Before the time of M. Fraunhofer, the illuminating 
power of the different parts of the spectrum had been given 
only from a rude estimate. By means of a photometer he ob- 
tained the following results : — 

The place of maximum illumination he found to be at M, 
fig. 55., so situated that D M was about one third or one 
fourth of D £ ; and therefore this place is at the boundary of 
the orange and yellow. Calling the illuminating power at M, 
where it is a maximum, 100, then the light of other points 
will be as follows : — 



light at the red extremity - 0*0 

B 3-2 

C 9-4 

D 64-0 

Maximum light at M . lOOH) 
Light at E ----- 48-0 



Light at F - - - -IT'OO 

G - - - - 310 

H - - - - 0-56 

the violet ex- 



tremity - 



I 0-00 



* See The Edinburi^^ Journal of &tmc«, No. XV. p. 7. 
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Calling the intensity of the light in the brightest sfMic<« D E 
100, Fraunhofer found the light to have the following intensity 
in the other spaces ; — 

Intensity of light in BC - 2-1 

C D 2^«li 

;, DE lOOU 



Intensity of li^rht in E F 32*8 

FG 18-5 

GH 3-5 



From these results it follows that, in the spectrum exam- 
ined by Fraunhofer, the roost luminous ray is nearer the red 
than the violet extremity in the proportion of 1 to 3*5, and 
that the mean ray is almost in the middle of the blue space. 
As a great part, however, of the violet extremity of the spec- 
trum is not seen under ordinary circumstances, these results 
cannot be applied to spectra produced under such circum- 
stances. 

Qn the Heating Power of the Spectrum. 

(71.) It had always been supposed by philosopher* that the 
heating power in the spectrum would be prc^rtional to the 
quantity of light; and Landriani, Rochon, and Sennebier, 
found the yellow to be the warmest of the colored spaces. Dr. 
Herschel, however, proved by a series of experiments that the 
heating power gradually increased from the violet to the red 
extremity of the spectrum. He found also that the thermome- 
ter continued to rise when placed beyond the red end of the 
spectrum, where not a single ray of liffht could be perceived. 

Hence he drew the important conclusion, that there were 
invisible rays in the light of the sun, which had the power of 
producing heat, and which had a less de^ee of rejrangiblU 
ity than red liffht. Dr. Herschel was desirous of ascertaining 
the refrangibility of the extreme invisible ray which possessed 
the power of heating, but he found this to be impracticable ; 
and he satisfied himself with determining that, at a point 1^ 
inches distant firom the extreme red ray, the invisible rays ex- 
erted a considerable heatmg power, even though the ther- 
mometer was placed at the distance of 52 inches from the 
prism. 

These results were confirmed by Sir Henry Englefield, who 
obtained the following measures : — 

Tempcntm. 

Blue 56° 

Green 58 

yeflow .... 62 

When the thermometer was returned from beyond the red 
into the red, it fell again to 72°. 



t 


Toniwntar*. 


Red . . 


. . 72° 


Beyond red 


. . 79 
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M. Berard obtained analogous measures ; but he found that 
the maximum of heat was at the very extremity of the red 
rays when the bulb of the thermometer was completely cov- 
ered by them, and that beyond the red space the heat was 
only one fifth above that of the ambient air. 

Sir Humphry Dav^ ascribed Berard's results to his using 
thermometers with cnrcukr bulbs, and of too large a size ; and 
he therefore repeated the experiments in Italy and at Geneva, 
with very slender thermometers, not more tlian one twelfth of 
an inch m diameter, with very l<»ig bulbs filled with air con- 
fined by a colored fluid. The result of these experiments was 
a confirmaticHi of those of Dr. Herschel.* 

M. Seebeck, who has more recently studied this subject, has 
shown that the place of maximum heat in the spectrum varies 
with the substance of which the prism is made. The follow- 
ing are his results : — 

flnlMtaM or Om Prini. Ckdond nan la «Udi tke teat to 



Water . Yellow. 

Alcohd Yellow. 

Oil of turpentine ...... Yellow 

Sulphuric acid concentrated . . Orange. 

Solation of sal-ammoniac . . . Orange. 

Solution of corrosive sublimate . Oranse. 

Crown glass Midme of the red. 

Plate glass Middle of the red. 

Flint glass Beyond the red. 

The observations on alcohol and oil of turpentine were 
made by M. WunscLf 

On the Chemical Influence of the Spectrum, 

(72.) It was long ago noticed by the celebrated Scheele, 
that muriate of silver is rendered much blacker by the moiet 
than by any of the other rays of the spectrum. In 1801, M. 
Hitter of Jena, while repeating the experiments of Dr. Her- 
schel, found that the muriate of silver became very soon black 
beyond the violet extremity of the spectrum. It became a 
little less blackened in the violet itself, still less in the 62ue, 
the blackening growing less and less towards the red ex- 
tremity. When muriate of silver a little blackened was used, 
its color was partly restored when placed in the red space, and 
still more in the space of the invisible rays beyond the red. 
Hence he concluded that there are two sets of invisible rays 

. * See Edinburgh Eneyelopadia, vol. x. p. 69., where they were first pub- 
lished, as communicated to me by Sir Humphry. 

t For the recent observations of Signer Mellon i, see Note IV. of Am. ed. 
which follows author's Appendix. 
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in the solar spectrum, one on the red side which fiiyors oxy- 
genation, and the other on the videt aide which favors duh 
oxygenation. M. Ritter also found that phosphorus emitted 
white fumes in the invisihle red ; while in the mvisible violet* 
phos^orus in a state of oxygenation was instantly extin- 
guished. 

In repeating the experiments with muriate of silver, M. 
Seebeck found that its color varied with the colored space in 
which it was held. In and beyond the violet^ it was reddish 
brown ; in the bluCt it was idue or bluish grey ; in the yellow^ 
it was white, either unchanged or faintly tinged with yellow ;. 
and in and beyond the red it was red. In prisms of flint glassy 
the muriate was decidedly colored beyond the limits of the 
spectrum. 

Without knowing what had been done by Ritter, Dr. Wol- 
laston obtained the very same results respecting the action of 
violet light on muriate of silver. In continuing his experi- 
ments, he discovered some new chemical effects of light upon 
gum gvmacura. Having dissolved some of this gum in alco- 
hol, and washed a card with the tincture, he exp^ed it in the 
dLQerent colored spaces of the spectrum without observing 
any change of color. He then took a lens 7 inches in diame- 
ter, and having covered the central part of it so as to leave 
only a ring of one tenth of an inch at its circumference, he 
could collect the rays of any color in a focus, the focal dis- 
tance being about 24^ inches for yellow light The card 
washed wiSi guaiacum was then cut in smaU pieces, which 
were placed in the different rays concentrated by the lena In 
the violet and blue rays it acquired a green color. In the 
yellow no effect was produced. In the red rays, pieces of the 
card already made green lost their green cok>r, and were re- 
stored to their original hue. The guaiacum card, when placed 
in carbonic acid gas, could not be rendered green at any dis- 
tance from the lens, but was speedily restor^ from green to 
vellow by the red raya Dr. WoUaston also found that the 
back of a heated silver spoon removed the green color as e£^ 
fectually as the red ray& 

On the Magnetizing Power of the Solar Rays. 

(73.) Dr. Morichini, more than twenty years ago, announced 
that the violet rays of the solar spectrum had the power of 
magnetizing small steel needles that were entirely free from 
magnetism. This e£^t was produced by collecting the violet 
rays in the focus of a convex lens, and carrying Uie focus of 
these rays from the middle of one half of the needle to th« 
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extremities of that half, without tjouchin? the other halfr 
When this operation had heen performed for an hour, the 
needle had acquired perfect polarity. MM. Carpa and Ridolfi 
repeated tihis experiment with perrect success ; and Dr. Mori- 
chini magnetized several needles in the presence of Sir'H, 
Davy, Professor Playfair, and other English philosophers. M. 
Beraid at Montpelier, M. Dhombre Firmas at Alais, and pro- 
fessor Configliachi at Pavia, having failed in producing the 
same effects, a doubt was thus cast over the accuracy of pre- 
ceding" researches. 

A few years ago, Dr. Morichini's experiment was restored 
to credit by some ingenious experiments by Mra Somerville. 
Having covered with paper half of a sewing needle, about aH 
inch long, and devoid of magnetism, and exposed the other 
half uncovered to the violet rays, the needle acquired mag- 
netism in about two hours, the exposed end exhibiting norSi 
polarity. The indigo rays produced nearly the same effect, 
and the blue and green produced it in a less degree. When 
the needle was exposed to the yellow, orange, r^, or calorific 
rays beyond the red, it did not receive the lightest magetism, 
although the exposures lasted for three days. Pieces of clock 
and watch springs gave similar results ; and when the violet 
ray was concentrated with a lens, the needles, &c., were 
magnetized in a shorter time. The same effects were pro- 
duced by exposing the needles half covered with paper to the 
sun's rays transmitted through glass colored blue with cobalt 
Green glass produced the same eflfect The light of the sun 
transmitted through blue and green riband produced the same 
effect as through colored glaas. When the needles thus cov- 
ered had hung a day in the sun*s rays behind a pane of glass, 
their exposed ends were north poles, as formerly. 

In repeating Mrs. Somerville's experiments, M. Baumgart- 
ner of Vienna discovered that a steel wire, some parts o€ 
which were polished, while the rest were without lustre, be- 
came magnetic by exposure to the white light of the sun ; a 
north pole appearmg at each polished part, and a south pole at 
each unpolished part The effect was hastened by concen- 
trating the solar rays upon the steel wire. In this way he ob- 
tainedS poles on a wire eight inches long. He was not able 
to magnetize needles perfectly oxidated, or perfectly polished, 
or having polished lines in the direction of their lengths.* 

About the same time, Mr. Christie of Woolwich found that 
when a ma^etized needle, or a needle of copper or glass, vi- 
brated by the force of torsion in the white light of the sun, 
the arch of vibration was more rapidly diminished in the sun*a 
light than in the shade. The effect was greatest on the mag* 
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netized needle. Hence he concludes that the compound solar 
rays possess a very sensihle magnetic influence. 

These results have received a very remarkable confirmation 
from the experiments of M. Barlocci and M. Zantedeschi. 
Professor Barlocci found that an armed natural loadstone, 
which could carry 1^ Roman pounds, had its power nearly 
doubled by twenty-four hours* exposure to the strong light of 
the sun. M. Zantedeschi found that an artificial horse-shoe 
loadstone, which carried 13^ oz., carried 3^ more by three 
days' exposure, and at last supported 31 oz., by continuing it 
in the sun's light He fi)und, that while the strength in- 
creased in oxidated magnets, it diminished in those which 
were not oxidated, the dkninution becoming insensible when 
the loadstone was highly polished. He now concentrated the 
solar rays upon the loadstone by means of a lens ; and he 
found that, both in oxidated and polished magnets, they oc- 
quire strength when their north pole is exposed to the sun's 
rays, and lose strength when the south pole is exposed. He 
found likewise that the augmentation in the first case ex- 
ceeded tiie diminution in iSe second. M. Zantedeschi re- 
peated the experiments of Mr. Christie on needles vibrating 
in the sun's light ; and he found that, by exposing the north 
pole of a needle a foot long, the semi-amplitude of the last 
oscillation was 6^ less than the first ; while, by exposing the 
south pole, the last oscillation became greater than the first 
M. Zantedeschi admits that he often encountered inexplicable 
anomalies in these experiments.^ 

Decisive as these results seem to be in favor ci the mag- 
netizing power both of violet and white light, yet a series of 
apparently veiy well conducted experiments have been lately 
published by MM. Riess and Mo6er,t which cast a doubt over 
the researches of precedmg philosophers. In these experi- 
ments, they examined the number of oscillations performed in 
a given time before and after the needle was submitted to the 
influence of the violet rays, A focus of violet light concen- 
trated by a lens 1*2 inches in diameter, and 2*3 inches in focal 
length, was made to traverse one half of the needle 200 
times ; and though this experiment was repeated with difler- 
ent needles, at difierent seasons of the year, and di^rent 
hours of the day, yet the duration of a given number of oscil- 
lations was almost exactly the same afler as before the experi- 
ment Their attempts to verify the results of Baumgartner 

were equally fruitless ; and they therefore consider tiiemselves 

— ' ■' ■ 

* Edinburgh Journal qf Science, New Series, No. V., p. 75. 
tM No.IV.,P 225. 

H 
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as entitled to t^^ toiaUy a ditcovery^ which for sevenieen 
years has at different times disturbed science^ *' The small 
variations," they observe, ^ which are fi>uDd in some of our 
experiments, cannot constitute a real action of the nature of 
that which was observed by MM. Morichini, Baumgartner, 
&c., in so clear and decided a manner." 



CHAP. XI. 

ON THB UIFLBXION OR DIFIftACnOH OF UGBT. 

(74.) Havdto thus described the changes which light expe- 
riences when refracted by the surfiuies of transparent bodies, 
and the properties which it exhibits when thus decomposed 
into its elements, we shall now proceed to consider the phe- 
nomena which it presents when passing near the edges of 
bodies. This branch of optics is called the irtflexion or the 
diffraction of light 

This curious property of light was first described by 6ri- 
maldi in 1663, and afterwards by Newton ; but it is to the late 
M. Fresnel that we are indebted for a most successful and able 
investigation of the phenomena. 

In order to observe the action of bodies upon the light 
which passes near them, let a lens L L, of very short focus, 
fig, 56., be fixed in the window-shutter, M N, of a dark room ; 

Fig. 5%, 




and let R L L be a beam of the sun^s Imht, transmitted through 
the lens. This light will be coUectedinto a focus at F, from 
which it will diverge in lines FC, FD, forming a circular 
image of light on the opposite wall. If a small hole, about 
the fortieth of an inch in diameter, had been fixed in the win- 
dow-shutter in place of the lens, nearly the same divergent 
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beam of light would have been obtained. The shadows of all 
bndies whatever held in this light will be found to be sur- 
rounded with three fringes of the following colors, reckoning 
from the shadow: — 

First firin^e, — ^Violet, indigo, pale blue, green, yellow, red. 

Secmid fringe, — ^Blue, yellow, red. 

Third jringe. — ^Pale blue, pale yellow, pale red. 

In order to examine these fringes, we mtLj either receive 
them on a smooth white surface as Newton' did, or adopt the 
method of Fresnel, who looked at them with a magnifying 
glass, in the same manner as if they had been an image 
n^rmed by a lens. This last method is decidedly the best, as 
it enables the observer to measure the fringes, and ascertain 
the changes which they undergo under difTerent circum- 
stancea 

Let a body B be now placed at the distance B F from the 
focus, and let its shadow be received on the screen C D, at a 
fixed distance from the body B, and the following phenomena 
will be observed : — 

1. Whatever be the nature of the body B with regard to its 
density or refractive power, whether it is platina or the pith 
of a ru^, whether it is tabasheer or chromate of lead, the 
fringes surrounding its shadow will be the very same in mag- 
nitude and in color, and the colors will be those given above. 

2. If the light R L is homogeneous Ught of the different 
colors in the spectrum, the fringes will to d the same color 
as the light RL; and they wfll be broadest in red light, 
smallest m violet^ and of intermediate sizes in the interme- 
diate colors. 

3. The body B continuing fixed, let us either bring the 
screen CD nearer to B, or bring the lens with which we 
view the fringes nearer to B, so as to see them at different 
distances behmd B. It will be found that they grow less and 
less as they approach the edge of B, from which they take 
their rise. But if we measure the distances of any one fringe 
fixrm the shadow at difierent distances behind B, we shall find 
that the line joining the same point of the fringe is not a 
straight line, but a hyperbola whose vertex is at Uie edge of 
the £)dy ; so that the same fringe is not £}rmed by the same 
light at all distances Gmm the body, but resembles a caustic 
curve formed by the intersection of difierent rays. This cu- 
rious &ct we have endeavored to represent in the figure by 
the h3rperbolic curves joining the edge of the body B and the 
fringes which are shown by dott^ linea 

4. Hitherto we have supposed that B has been held at the 
same distance from F ; but let it now be brought to 6, much 
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nearer F, and let the screen C D be brought to c <2, so that 
bg 13 equal B6. In this new position, where nothing has 
been changed but the distance from F, the fringes will be 
found greatly increased in breadth, their relative distances 
from each other and from the margin of the shadow remain- 
ing the same. The influence of distance from the radiant 
point F on the size of the fringes, or on the quantity of 
mflexion, is shown in the following results obtained by M. 
Fresnel: — 





Diatanoc of Om laflecUag 
body B liehiod tlw n- 
diut point F. 


DlBtanee B O or 6f behind the 
hoAj B or ft, wbara th« ta- 
flexlon WW ucMnrMl. 


Aagolar in«exloa of Om r«d nqrn 
of tb* fint Muse. 


■ Fb 
PB 


4 inchea 
20ffeet 


39 inche& 
99 


12' 6" 
3 55 



When we consider that the fringes are largest in red, and 
smallest in violet li^ht, it is easy to Understand the cause 
of their colors in white light; for the colors seen in this case 
arise from the superposition of fringes of all the seven colors ; 
that is, if the eye could receive all the seven differently color- 
ed fringes at once, these colors would form by their mixture 
the actual colors in the firinfi^es seen by white li£[ht Hence 
we see why the color of the first fringe is vimet near the 
shadow, and red at a greater distance ; and why the blending 
of the colors beyond the third fringe forms white light, in- 
stead of exhibiting themselves in separate tint& 

Upon measuring the proportional breadths of the fringes 
with great care, Rewton found that they were as the num- 
bers 1, x/^, x/ j, \/|, and their intervals m the same pro- 
portion. 

Besides the external fring^es which surround all bodies, 
Grimaldi discovered within t£e i^dows of long and narrow 
bodies a number of parallel streaks or fringes cdtemately light 
and dark. Their number grew smaller as the body tapered ; 
and Dr. Young remarked fhat the central line was always 
white, so that there must always be an odd number of white 
stripes, and an even number of dark ones. At the angular 
termination of bodies these fringes widen and become convex 
to the central white line ; and when the termination is rect- 
angular, what are called the crested fringes of Grimaldi are 
pr^uced. 

The phenomena exhibited by substituting apertures of 
various forms in place of the body B are very interesting. 
When the aperture is circular, such as that formed in a piece 
of lead with a small pin, and when a lens is placed behmd it 
so as to view the shadow at different distances, the aperture 
will be seen surrounded with distinct rings, which contract 
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mi dilate, and ohange their tinta in the moft bMutilbl man- 
ner. When the aperture is one thirtieth of an inch, its dia- 
tence FBfrom the luminooa point 6 feet 6 inches, and its 
distance from the focus of the eye-lens, or B 6, 24 inches, 
tiie following series of rings was observed : — 

Ist order. White, pale yellow, yellow, orange, dull red. 

2d order. Violet, hlue, whitidi, greenish yellow, yeUow, 
bright (Htmge. 

8d order. Purple, indigo blue, greenish blue, bright green, 
yellow green, red. 

4th oraer. Bluish green, bluish white, red. 

5th order. Doll green, &int bluish white, fiunt red. 

6th order. Very &int green, very fiiint red. 

7th order. A trace ci green and red. 

When the aperture B is brought nearer to the eye-lens 
whose focus is supposed to be at G, the central white spot 
^ws less and less till it vanishes, the rings gradually closmg 
m upon it, and the centre assuming in succession the most 
brilliant tints. The following were the tints observed by 
Mr. Herschel; the distance between the radiant pointy and 
the focus G of the ^ye-lens remaining constant, and the 
aperture, supposed to be at B, being gradually brought nearer 
toG.— 



Dirtaooe 
«r ap«r- 
tanB 
fkaiBth« 



24 in. 
18 

135 

10 
925 
910 
8-76 
8-36 
800 
7-75 
7-00 
6-63 
&00 
5*85 
5-50 
500 
4-76 
4-50 
400 
3-86 
3 50 1 



Color of tlw Ceatnl ipot. 



White. 
White. 

Yellow. 

Intense orange. 
Deep oranffe red. 
Brilliant bfood red. 
Deep crimaoQ red. 
Deep purple. ' 
Very sombre violet 
Intense indigo bine. 
Pure deep blue. 
Sky blue. 
Bluish white. 
Very pole blue. 
Greenish white. 
Yellow. 
Orange yellow. 
Scarlet 
Red. 
Blue. 
Dark blue. 



duuacUr tf the rtnfi 'whiok •am«ad 
Unt ceatnl ipot. 



Rings as described above. 

First two rings confused. Red of 3d, and 

green of 4th order, splendid. 
Inner rings diluted. Red and green of 

the outer rings good. 
All the rings much diluted. 
Rings all very dilute. 
Rings all very dilute. 
Rings all very dilute. 
Rings all very dilute. 
A broad yellow ring. 
A pale yellow ring. 
A rich yellow. 

A ring of orange, with a aombre apaee. 
Orange red, with a pale yellow space. 
A crimson red ring. . 
Purple, with orange yellow. 
Blae, orange. 

Bright blue, orange red, paleyellow, white. 
Pale yellow, violet pale yellow, white. 
White, indigo, dull orense, white. 
White, yellow, blue, dull red. 
[Orange, light blue, violet dull orange. 
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When two small apertures are used instead of one, and the 
rings examined by the eye-lens as before, two systems of 
rings wiU be seen, one round each centre ; but, besides the 
rings, there is another set of fringes which, when the aper- 
tures are equal, are parallel rectilineal fringes equidistant 
from the two centres, and perpendicular to the line joining 
these centres. Two other sets of parallel rectilineal fringes 
diverge in the form of a St Andrew's cross from the middle 
point between the two centres, and forming equal angles be- 
tween the first set of parallel fringes. If the apertures are 
unequal, the two systems of rings are imequal, and the first 
s^t of parallel fringes become hyperbolas, concave towards 
the smaller system of rings, and having the aperture in their 
common focus.* 

The finest experiments on this subject are those of Fraun- 
hofer ; but a proper view of them would require more space 
than we can spare.t 



CHAP. XIL 

ON THE COLORS OF THIN FLATE8. 

(75.) When light is either reflected from the surfaces of 
transparent bodies, or transmitted through portions of them 
.with parallel surfkces, it is invariably white, for all the di& 
ferent thicknesses of such bodies as we are in the habit of 
seeing. The thinnest films of blown glass, and the thinnest 
films of mica generally met with, will both reflect and trans- 
mit white light If we diminish, however, the thickness of 
these two bodies to a certain d^ee, we shall find that, in- 
stead of giving white light by re^xion and transmission, the 
light is in both cases colored. 

Mr. Boyle seems first to have observed that thin bubbles of 
the essential oils, spirit of wine, turpentine, and soap and 
water, exhibited beautiful colors ; and he succeeded in blow- 
ing glass BO thin as to show the same tints. Lord Brereton 
hsd observed the colors of the thin oxidated films which the 
action of the weather produces upon glass ; and Dr. Hooke 
obtained films so equally thin that they exhibited over their 
whole surface the same brilliant color. Such pieces of mica 
may be produced at the edges of plates quickly detached 
from a mass; but they may be more readily obtained by 

♦ HerschePs Treatise on Light, § 735. 

X See Edinburgh Encyclopedia, art. Optica, Vol. XV., p. 556. 
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sticking one side of a }^te of mioa to a piece of sealing-waJC) 
and tearing' it away with a sadden jerk. Some extremely 
thin films will then be left on the wax, which will exhibit 
the liveliest colors by reflected light. If we could produce a 
film of mica with only one tenth part of the thickn» of that 
which produces a bright blue color, this film would reflect no 
light at all, and would appear black if viewed by reflexion against 
a black body. But though no such film has ever b^n obtained, 
or is likely to be obtained by any means with which we are 
acquainted, yet accident on one occasion produced solid fibres 
as thin, and actually incapable of reflecting light This very 
remarloible fact occurred in a crystal of quartz of a smoky 
color, which W9s broken m twa The two surfaces of firacture 
were absolutely black; and the blackness appeared, at first 
sight, to be owmg to a thin film of opaque matter which had 
insinuated itself into the crevice. This opinion, however, 
was untenable, as every part of the sur&ce was black, and the 
two halves of the crystals could not have stuck together had 
the crevice extended across the whole section. Upon examin- 
ing this specimen with care, I found that the surmce was per- 
fectly transparent by transmitted li^t, and that the blackness 
of the sur&ces arose from their bemg entirely composed of a 
fine down of quartz, or of short and slender filaments, whose 
diameter was so exceedingly small that thev were incapable 
of reflecting a single ray of the strongest light The diameter 
of these fibres was so small, that, from principles which we 
shall presently explain, they could not exceed the one ihir^ 
of the millionth part of ah inch. This curious specimen is in 
the cabinet of her grace the duchess of Gordon.* I have 
another small specimen in my own possession ; and I have no 
doubt that fractures of quartz and other minerals will yet be 
found which shall exhibit a fine down of difierent colors de^ 
pending on their size. 

The colors thus produced by thinness, and hence called the 
colors of thin plates, are best observed in fluid bodies of a 
viscous nature. If we blow a soap-bubble, and cover it with 
a clear glass to protect it from currents of air, we shall ob- 
serve, a3,er it has grown thin by standing a little, a great 
many concentric colored rings round the top of it The color 
in the centre of the rings will vary with the thickness ; but 
as the bubble grows thinner the rin^s will dilate, the central 
spot will become white, then bluish, and then black, after 
which the bubble will burst, from its extreme thinness at the 
place of the black spot The same change of color with the 

* Bee Edinburgh Journal qf Scinue^ No. I., p. 106. 



A TtXATnOB OK OIPVIOS. TAMT U* 

thidmenr may be seen by placing a thick fihn of an evapor»- 
ble floid upon a clean plate of glass, and watching the efiects 
of the diminution of thickneas which take place in the coarse 
of evaporation. 

The method used by Sir Isaac Newton for producing a thin 
plate of air, the colors of which he intended to investigate, 10 
■hown in Jig. 57., where L L is a plano-convex lens, the 

Fig. SI» 




radius of whose convex surface is 14 feet, and tin. doable 
convex lens, whose convex surfaces have a radius of 50 feet 
eacL The plane side of the lens L L was placed downwards, 
60 afl to redt upon one of the surfaces of the lens 1 1, These 
lenses obviously touch at their middle points; and if the 
upper one is slowly pressed against the under one, there will 
be seen round the point of contact a system of circular color- 
ed rings, extending wider and wider as the pressure is in- 
crease. In order to examine these rings under different 
degrees of pressure, and when the lenses L L, M are at 
different distances, three clamp-screws, ^,j», p, should be em- 
ployed, as shown in fig. 58., by turning which we may pro- 
duce a regular and equal pressure at the point of contact 

When we look at these rings through the upper lens, so as 
to see those formed by the light reflected from the plate of air 
Fig. 58. between the lenses, we may observe 

seven rings, or rather seven circular 
spectra or orders of colors, as described 
by Newton in the first two columns of 
the following Table ; the colors being 
very distinct in the first three spectra, 
but growing more and more diluted in 
the others, till they almost entirely dis- 
appear in the seventh spectrum. 
When we view the plate of air by looking through the un- 
der lens 1 1 from below, we observe another set of rings or 
spectra formed in the transmitted light. Only five of these 
transmitted rings are distinctly seen, and their colors, as ob- 
served by Newton, are given in the third column of the fol- 
lowing table ; but they are much more faint than those seen 
by reflexion. By comparing the colors seen by reflexion with 
those seen by transmission, it will be observed that the color . 
transmitted is always complementary to the one reflected, or 
which, when mixed with it, would make white light. 
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7b6Ze of the Colore of Thin PlaUe of Air, WaUr, and Oiam. 



Spectn, or Orden of 
Colon, nckoaed 
from the c«ntra. 



First 

Spectrum 
or order 
of Colors. 



Colon produced at tba thlcki 
intte lM( UtMColannfi 



Second 

Spectrum 
or order 
of Colors. 



Very black 
Black 
Begimiijif; 
df black 
Blue 
White 
Yellow 
Oiange 
Red 



\ 



Tiast 

Indigo 

Blue 

Green 

YeUow 

Orange 

Bright red 

Scarlet 



Vt^tumitUi, 



TbtckneflMa la miUioBtlw 
«ttm 



All. 



White 



Yellowish red 

Bkck 

Violet 

Kue 



? 




WEST 

Yellow 

Red 

Violet 

Blue 



Thibd 
Spectrum 
or order 
of Colors. 



Fourth 

Spectrum 
or order 
of Cobrs. 



Fifth '' 
Spectrum 
or order 
of Colors. 

I Sixth 

{Spectrum 

or order 

of Colors. 

Seven rn f 

Spectrum 
or order' 
of Colors. { 



Purple 

Indigo 

Blue 

Green 

Yellow 

Red 

Bluish red 



Green 

Yellow' 
Red 

« • • «■ 

Bluish green 



21 



16l 14 



|20| 



Bluish green 

Green 

Yellowish 

green 
Red 



Red 






- . 134 125} 
85^ 26| 

- . 96 27 23| 
Bluish green 40^ 80^ 26 



[ 



Greenish 

blue 
Red 



\ 



Red 



Greenish 

blue 
Red 



\ 



Greenish 

blue 
Ruddy 
white 



29f 
34 



53^ 45} 



57^ 
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1 when li^t 
rly ; bul Sir 

_._ c NenCou found that when ffie light wem reflected and 
trooBinittad obliquely, the ringa increased in size, the same 
color requiring a greater thicknesB to produce iL The color 
of (my film, therefore, will descend to a color lower in, or 
nearer the begiaaing o^ the ecale, when it is seen obliquely. 
Such are the general phenomenB of the colored rings when 
When we place the lenses in homoge- 
r the solar spectrum 
, s, the rings, which are always 

of the same color as the light, will be found to be largest m 
red light, and to contract gradually as they are seen in all the 
■ucc(«diDg colcffs, till they reach their etoallest size in the 
riolet rays. Upon meBsuring their diameten, Newton fonod 
them to have the following ratio in the diflerent cdors at their 
boundaries: — 

Since white light is composed of all the preceding colors, the 
rings seen by it will consist of all the seven difierentljr color- 
ed systems of rings superpceed as it were, and forming, by 
their union, the different colors in the Table. In order to 
explain this, we have constructed the annexed diagnm, fig. 
K; on the euppoaition that each ring or epectiuDi has toe 

Fig. a 



«me breadth m homogeneous li^t which it actually bas 
when it is formed between sur&ces nearly Sat, or when 
the thickness of the plate varies with the distance from the 
point (£ contacL* Let us then suppose that we tbim such a 

* Thii nipposiiioij a made in order lo simplify ibe diAgru)- 
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i^stem <^ rings with the seven colons of the spectram, and 
that a sector is cut out of each qrstem, and placed, as in the 
figure, round the same centre C. Let the angle of the red 
sector be 50^, of the orange 30^^, the yellow 40^, the green 
60^ the blue 60°, the indigo 40^, and the violet dO^, being 
360^ in all, so as to complete the circle. From the centre C 
set off the first, second, and third rings in all the sectors, with 
radii corresponding to the values in the preceding small 
Table. Thus, since the proportional diameters €i the ex* 
treme red and the extreme orange are 1 and 0'924, the mid« 
die of the red will be in the middle between these numbers, 
or 0-962 ; and consequently the proportional diameter, or the 
radius of the first red ring for the middle of the red space R, 
will be 0*962. In like manner, the radius fi>r the orange will I 
be 0-904, for the yellow 0-855, for the green 0-794, for the 
blue 0*737, for the indigo 0-696, and for the violet 0-655. Let 
the red rings be colored r^ as they appear in the experiment, 
the orange rings orange, and so on, each color resembling that 
of the spectrum as nearly as possible. If we now suppose all 
these colored sectors to revolve rapidly round C as a centre, 
the efiect of them all, thus mixed, should be the production of 
the colored rings as seen by white light As the diameter of 
each ring varies from the beginning of the red space to the 
end of it, and so on with all the colors, the portion of the 
ring in each sector should be part of a spiral, and all these 
separate parts should 'unite in forming a single spiral, the red 
forming the commencement, and the violet £e termination of 
the spiral for each ring. 

This diagram enables us to ascertain the composition of any 
of the rinffs seen in white light Let it be required, for ex- 
ample, to determine the color of the ring at the distance C m 
from the centre, m being in the middle of the second red ring. 
Round C as a centre, and with the radius C m, describe a cir- 
cle, m nop, and it will be seen from the different colors 
through which it passes what is its composition. It passes 
nearly through the very brightest" part of ^e second red ring, 
at m, and through a pretty bright part of the orange. It 
passes nearly through the bright part of the yellow, at n ; 
through the brightest part of the ffreen ; through a less bright 
part of the blue ; through a darx part of the indigo, at p ; 
and through the darkest part of the third violet ring. If we 
knew the exact law according to which the brightness of any 
fiinge varied from its darkest to its brightest point, it would 
thus be easy to. ascertain with accuracy the number of rays 

— — — ----- ,, - - — ■ ■^— ^^— 

* In the fifure, the brightest part ie the moit ihaded. 
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of each color which entered into the composition of any of 
the rings seen hy white light 

In o^er to determine the thickness of the plate of air by 
which each color was produced, Newton found the squares of 
the diameters of the brightest parts of each to be in the 
arithmetical progression of the odd numbers, iL, 3, 5, 7, 9, &c., 
and the squares of the diameters of the obscurest parts in the 
arithmetical progression of the even numbers, 2, 4, 6, 6, 10 ; 
and as one of the glasses was plane, and the other spherical, 
their intervals at these rings must be in the same progression. 
He then measured the diameter of the fifth dark ring, and 
found that the thickness of the air at the darkest part of the 
FiBfiT dark ring, made hy perpendicular rays, was the.^^.^^^ 
part of an inch. He then multiplied this number by the pro- 
fession 1, 3, 5, 7, 9, &c., and 2, 4, 6, 8, 10, and obtained the 
following results :— 



Thickaaw of the air at the 
laaiiMMu put. 

Tnynnr " 

3 

Tn»7nnr 
TTimnnr " 

TTfftyDT ■ 



TUcknMi of tlie air at the 
mut oliaenra part. 

6 

8 

TT5»innr 



First Ring - - 

Second Ring - - 

Third Ring - - 

Fourth Ring - - 

When Newton admitted water between the lenses, he 
found the colors to become fiiinter, and the rings smaller; 
and upon measuring the thicknesses of water at which the 
same rings were pr^uced, be found them to be nearly as the 
index of refraction for air is to the index of refraction for 
water, that is, nearly as 1*000 to 1*336. From these data he 
was enabled to compute the three last columns of the Table 
given in page 93, which show the thicknesses in millionth 
parts of an inch at which the colors are produced in plates of 
air, water, and glass. These columns are of extensive use, 
and may be reguded as presenting us with a micrometer for 
measuring minute thicknesses of transparent bodies by their 
colors, when all other methods would be inapplicable. 

We have already seen that when the thickness of the film 
of air is about j^j.ws^^ of an inch, which corresponds to the 
seventh ring, the colors cease to become visible, owing to the 
union of all the separate colors forming white light; but when 
the rings are seen in homogeneous light, they appear in much 
greater numbers, a dark and a colored ring succeeding each 
other to a considerable distance from the point of contact 
In this case, however, when the rings are formed between 
object glasses, the thickness of the plate of air increases so 
rapidly that ihe outer rings crowd upon one another, and 
cease to become visible from this cause. This eflfect would 
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obviously not be prodtieed if they were fbnned by a solid film 
whose thickness varied by slow gradations. Upon this prin- 
ciple, Mr. Talbot has pointed out a very beautiful method of 
exhibiting these rings with plates of ^ass and other sub- 
stances even of a tangible thickness. If we blow a glass ball 
so thin that it bursts,* and hold any of the fragments in the 
light of a spirit lamp with a salted wick, or in the light of 
any of the monochromatic lamps which I have elsewhere de- 
scribed, all of which discharge a pure homogeneous yellow 
li^ht, the surface of these mms wiU-be seen covered witb 
frmges alternately yellow and bkck; each fringe marking out 
by its windings the lines of eaual thickness in the glass film. 
Vv here the thickness varies slowly, the fringes will be broad 
and easily seen ; bat where the variation takes place rapidly, 
the fringes are crowded tc^ether, so as to require a micro- 
scope to render them visible. If we suppose any of the filnui 
of glass to be only the thousandth part of an inch thick, the 
rings which it exhibits will belong to the 89th order ; and if 
a large rough plate of this glass could be ^t with its thick- 
ness descending to the millionth part of an mch by slow gra- 
dations, the whole of those 89 rings, and probably many more, 
would be distinctly visible to the eye. In order to produce 
such effects, the light would require to be perfectly homoge- 
neous. 

The rings seen between the two lenses are equally visible 
whether air or any other gas is used, and even wnen there is 
no gas at all ; for the rings are visible in the exhausted re* 
ceiver of an air-pump. 



CHAP. xin. 

ON THE OCOJOfRM OF THICK PLATES. 

(76.) Thb colors of thick plates were first observed and 
described by Sir Isaac Newton, as produced by concave glass 
mirrors. Admitting a beam of solar light, R, into a dark 
room, through an aperture a quarter of an inch in diameter 
^rmed in the window-shutter M N, he allowed it to fall upon 
^ glass mirror, A B, a quarter of an inch thick, quicksilvered 
b^ind, having its axis in the direction R r, and me radius of 
the curvature o^ both its surfaces beinj? equal to its distance 
behin<? the aperture. When a sheet of paper was placed on 
the window-shutter M N, with a hole in it to allow the sun- 



* Filmfl of mica answer the purpose still better. 
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beam to pass, he observed the hole to be surrounded witli 
four or five colored rings, with sometimes traces of a sixth 

Fig. 60. 




and seventh. When the paper was held at a greater or a less 
distance than the centre of its concavity, the rings became 
more dilute, and gradually vanished. The colors of the rings 
succeeded one another like those in the transmitted system in 
thin plates, as given in column 3d of the Table in page 93. 
When the light R was red the rings were red, and so on with 
the other colors, the rings being largest in red and smallest 
in violet light Their diameters preserved the same propor- 
tkm as those seen between the object glasses ; the squares of 
the diameters of the most luminous parts (in homogeneous 
light) being as the numbers 0, 2, 4, 6, &c., and the squares of 
the diameters of the darkest parts as the intermediate num- 
bers 1, 3, 5, 7, &c. With mirrors of greater thickness the 
rings grew less, and their diameters varied inversely as the 
square roots of the thickness of the mirror. When the quick- 
silver was removed, the rings became fainter ; and when the 
back surface of the minor was covered with a mass of oil of 
turpentine, they disappeared altogether. These feels clearly 
prove that the posterior surface of the mirror concurs with the 
anterior surface in the production of the rings. 

When the mirror A B is inclined to the incident beam R r, 
the rings grow larger and larger as the inclination increases, 
and so also does the white round spot ; and new rings of color 
emerge successively out of their common centre, and the 
white spot becomes a white ring aceompanying them, and the 
incident and reflected beams always &11 upon the opposite 
parts of this white ring, illuminating its perimeter like two 
mock suns in the opposite parts of an ins. The colors of 
these new rings were in a contrary order to those of the 
former. 

The Duke de Chaulnes observed similar rings upon the sur- 
face of the mirror when it was covered with gauze or muslin, 
or with a skin of dried skimmed milk; and Sir W. Herschel 
noticed analogous phenomena when he scattered hair-powde. 
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in the air before a concave mirror on which a beam of light 
was incident, and received the reflected light on a iscreen. 

(77.) The method which I have found to be the most sim- 
ple for exhibitiDj? these colors, is to place the eye immediately 
behind a small mime from a minute wick fed with oil or wax, 
so that we can examine them even at a perpendicular inci- 
dence. The colors of thick plates may be seen even with a 
common candle held before the eye at the distance of 10 or 
12 feet from a common pane o^crown glass in a window that 
has accumulated a little fine dust upon its surface, or that has 
on its surface a fine deposition of moisture. Under these 
circumstances they are very bright, though they may be seen 
even when the pane of glass is clean. 

The colors of thick plates may, however, be best displayed, 
and their theory best studied, by using two plates of pass of 
equal thickness. The phenomena thus produced, and which 
presented themselves to me in 1817, are Whly beautifnl, and, 
as Mr. Herschel has shown, are admirably fitted for illus- 
trating the laws of this class <^ phenomena. In order to ob* 
tain plfttes of exactlv the same thickness, I formed out of the 
same piece of parallel glass two plates, A B, C D, and having 
placed between them two pieces of sofl wax, I pressed them 

to the distance of about one tenth 
of an inch from each other; and by 
pressing above one piece of wax 
more than another, I was able to 
give the two plates any small incli- 
nation I chose. Let A B, C D then 
be a section of the two plates, thus 
inclined, at right angles to the com- 
mon section of their surfaces, and 
let R S be a ray of li^ht incident 
nearly in a vertical direction and 
proceeding from a candle, or, what 
is better, from a circular disc of 
condensed light subtending an an- 
gle of 2° or 3°. If we place the eye behind the plates, when 
they are parallel we shall see only an image of the circular 
disc ; but when they are inclined, as in the figure, we shall 
observe in the direction V R several reflected images in a 
row besides the direct image. The first or the bri^test of 
these will be seen crossed with fifteen or sixteen beautiful 
fringes or bands of color. The three central ones consist of 
blackish or whitish stripes ; and the exterior ones of brilliant 
tjands of red and green light The direction of tl*ese bandn 
IS always parallel to the common section of the inclined 



Fig.^. 
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plates. These colored bands increase in breadth by diminish- 
ing the inclination of the plates, and diminish by increasing 
their inclination. When the light of the luminous circular 
object falls obliquely on the first plate, so that the plane of in- 
cidence is at right angles to the section of the plates, the 
fringes are not distincUy visible across any of the images; 
but their distinctness is a maximum when the plane of mci- 
dence is parallel to that section. The reflected images of 
course become more bright, avl the tints more vivid, as the 
angle of incidence becomes greater ; when the angle of inci- 
dence increases from 0° to 90°, the images that have suffered 
the greatest number of reflexions are crossed by other fringes 
inclined to them at a small angle. If we conceal the bright 
light of the first image so as to perceive the image formed by 
a second reflexion within the first plate, and if we view the 
image through a small aperture, we shall observe colored 
bands across the first image far surpassing in precision of 
outline and richness of coloring any analogous phenomenon. 
When these fringes are again concealed, others are seen odi 
the image immediately behind them, and formed by a third 
reflexion from the interior of the first plate. 

If we bring the plate C D a little farther to the right hand, 
and make the ray R S fall first upon, the plate C D, and be 
afterwards reflected back upon the fim plate A B, from both 
the surfaces of C D, the same colored bands will be seen. 
The progress of the rays through the two plates is shown in 
the figure. 

When the two plates have the form of concave and convex 
lenses, and are combined, as in the double and triple achro- 
matic object glass, a series of the most splendid systems <^ 
rings are developed; and these are sometimes crossed by 
others of a difierent kind. I have not yet had leisure to pub- 
lish an account of the numerous observations I have made on 
this curious class of phenomena. 

In viewing films of blown glass in homogeneous yellow 
light, and even in common day-light, Mr. Talfet has observed 
that when two films are placed together, bright and obscure 
fringes, or colored fringes of an irregular form, are produced 
between them, though exhibited by neither of them separately. 
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CHAP. XIV. 

ON THE COLORS OF FIBRES AND GROOVED SURFACBS. 

(78.) When we look at a candle or any other luminous body 
through a plate of glass covered with vapor or with dust in a 
finely diviaed state, it is surrounded with a corona or ring of 
colors, like a halo round the sun or moon. These na^ increase 
as the size of the particles which produce them is diminished ; 
and their brilliancy and number depend on the uniform size of 
these particles. Minute fibres, such as those of silk and wool, 
produce the same series of rings, which increase as the diameter 
of the fibres is less ; and hence Dr. Young proposed an in- 
strument called an eriameter, for measuring the diameters of 
minute particles and fibres, by ascertaining the diameter of 
any one of the series of rings which they produce. For this 
purpose, he selected the limit of the first red and green ring 
as the one to be measured. The eriometer is formed of a 
piece of card or a plate of brass, having an aperture about the 
fiftieth of an inch in diameter in the centre of a circle about 
half an inch in diameter, and perforated with about eight 
small holes. The fibres or particles to be measured are fixed 
in a slider, and tJie eriometer being placed before a strong 
light, and the eye assisted by a lens applied behind the small 
hole, the rings of colors will be seen. The slider must then 
be drawn out or pushed in till the limit of the red and green 
rinff coincides with the circle of perforations, and the index 
will then show on the scale the size of the particles or fibres. 
The seed of the lycoperdxm bovista was found by Dr. Wol- 
laston to be the 8500dth part of an inch in diameter ; and as 
this substance gave rings which indicatedS^ on the scale, it 
follows that 1 on the same scale was the 29750th part of an 
inch, or the 30,000dth part. The following Table contains 
some of Dr. Young's measurements, in thirty-thousandths of 
an inch : — 



Milk diluted indistinct . . 3 

Dust of lycoperdon bomsta 3} 

Bullock's blood .... 4^ 

Smut of barley . . . . 6i 

Blood of a mare .... 6^ 
Human blood diluted with 

water 6 

Pus ........ 7i 

Silk 12 

Beaver's wool .... 13 

Mole's far 16 



Shawl wool ...... 19 

Saxon wool 2ii 

Lioneza wool ^ 

Alpacca wool S6 

Farina of laurestinus . . 36 

Ryeland Merino wool . . 37 

Merino South Down . . 38 

Seed of lycopodium ... 32 

South Down ewe .... 39 

Coarse wool 46 

Ditto fh>m some worftod . 6Q 



12 
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(79.) By observing the colors pvoduced by reflexion from 
the fibres which compose the crystalline lenses of the eyes of 
lishes and other anifnals, I have been able to trace these fibres 
to their origin, £id to determine the number of poles or septa 
to which they are related. The same mode of observation, 
and the measurement of the distance of the first colored 
image from the white image, has enabled me to determine the 
diameters of the fibres, and to prove that they all taper like 
needles, diminishing gradually &om the equator to the poles 
of the lens, so as to allow them to pack 4nto a sphericsu su- 
perficies as they converge to their poles or points of origin. 
These colored images, produced by the fibres of the lens, lie 
in a line perpendicular to the direction of the fibres, and by 
taking an impressicm on wax from an indurated lens the colors 
are commumcated to the vrnx. In several lenses I observed 
colored images at a great distance firom the common image, 
but lyin^ in a direction coincident with that of the fibres ; and 
firom this I inferred, that the fibres were crossed by joints or 
lines, whose distance was so small as the ll,000dth part of an 
inch ; and I have lately found, 1^ the use of very powerful 
microscopes, that each fibre has m this case teeth like those 
of a racK, of extreme minuteness, the colors being produced 
by the lines which form the sides of each tooth. 

(80.) In the s^une class of phenomena we must rank the 
principal colors of mother-of-pearl. This substance, obtained 
firom the shell of the pearl oyster, has been long employed in 
the arts, and the fine play of its colors is therefore well known. 
In order to observe its colors, take a plate of regularly formed 
mother-of-pearl, with its surfaces nearly parallel, and grind 
these sur&ces upon a hone or upon a plate of glass with the 
powder of schistus, till the image of a candle reflected from 
the surfiices is of a dull reddish- white color. If we now place 
the eye near the plate, and look at this reflected image, C, we 




M 






shall see on one side of it a prismatic image, A, glowing with 
all the colors of the rainbow, and forming indeed a spectrum 
of the eatidle as distinct as if it had been formed by an equi> 
lateral prism of flint glass. The blue side of this image is 
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next the image C, and the distance of the red part of the 
image is in one specimen 7° 22' ; hut this angle varies even 
in the same specimen. Upon first looking into the mother-of- 
pearl, the image A may be above or below C, or on any side 
of it ; but, by turning the specimen round, it may be brought 
either to the right or left hand of C. The distance A C is 
smallest when the light of the candle falls nearlj perpei^ 
dicular on the surface, and increases as the inclination of the 
incident ray is increased. In one specimen it was 2° 7' at 
nearly a perpendicular incidence, and 9° 14' at a very great 
obliquity. 

On the outside of the image A there is invariably seen a 
mass, M, of colored light, whose distance M C is nearly double 
AC. These three images are always nearly in a straight 
line, but the angular distance of M varies with the angle of 
incidence according to a law difierent from that of A. At 
jfteat angles of incidence the nebulous mass is of a beautiful 
crims(Mi color ; at an angle of about 37° it becomes green : 
and nearer the perpendicular it becomes yellowish- white, and 
very luminous. 

If we now polish the surface of the mother-of-pearl, the 
ordinary image C will become brighter and quite white, but a 
second prismatic image, B, will start up on the other side of 
C, and at the same distance from, it. 

This second image has in all other respects the same pro- 
perties as the first. Its brightness increases with the polish 
of the surface, till it is nearly equal to that of A, the lustre 
of which is slightly impaired by polishing. This second 
image is never accompanied, like the first, with a nebulobs 
mass M. If we remove the polish, the image B vanishes, and 
A resumes its brilliancy. The lustre of the nebulous mass M 
is improved by polishing. 

If we repeat these experiments on the opposite side of the 
specimen, the very same phenomena will be observed, with 
this difierence only, that the images A and M are on the op- 
posite side of C. 

In looking through the mother-of-pearl, when ground ex- 
tremely thin, nearly the same phenomena will be observed. 
The colors and the distances of the images are the same ; but 
the nebulous mass M is never seen hv transmission. When 
the second image, B, is invisible by renexiop, it is exceedingly 
bright when seen by transmission, and vice verscL - 

El making these experiments, I had occasion to fix the 
mother-of-pearl to a goniometer with a cement of resin and 
bees'- wax ; and upon removing it, I was surprised to see the 
whole surface of the wax shining vrith the prismatic colors of 
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the mother-of-pearl. I at first thought that a small £lm of the 
substance had been left upon the wax; but this was soon 
found to be a mistake, and it became manifest that the mother- 
of-pearl really impressed upon the cement its own power of 
producing the colored spectra. When the unpolished mother- 
of-pearl was impressed on the wax, the wax gave only one 
image, A ; and when the polished surface was used, it gave 
both A and B : but the nebulous image M was never exhibited 
by the wax. The images seen in the wax are always on the 
opposite side of C, from what they are in the surfiice that is 
impressed upon it. 

The colors of mother-of-pearl, as communicated to a soft 
surface, mav be best seen by using black wax ; but I have 
transferred them also to balsam of Tolu, realgar, fusible 
metal, and to clean surfaces of lead and tin by hard pressure; 
or the blow of a hammer. A solution of gum arabic or of 
isinglass, when allowed to indurate upon a surface of mother- 
of-pearl, takes a most perfect impression from it, and exhibits. 
aU the communicable colors in the finest manner, when seen 
either by reflexion or transmission. By placing the isinglass 
between two finely polished surfaces of good specimens of 
mother-of-pearl, we diall obtain a film of artificial mother-of^ 
pearl, which when seen by single lights, such as that of a 
candle, or by an aperture in the window, will shine with the 
brisfhtest hues. 

ff, in this experimenfi we could make the grooves of the 
one surface of mother-of-pearl exactly parallel to the grootes 
in the other, as in the shell itself, the images, A and B, formed 
by each surface, would coincide, and only two would be ob- 
served by transmission and reflexion : but, as this cannot be 
dcme, four images 'are seen through the isinglass film, and 
also four by reflexion ; the two new ones being formed by re- 
flexion from the second surface of the film. 

From these experiments it is obvious that the colors under 
our consideration are produced by a particular configuration 
of surface, which, like a seal, can convey a reverse impres- 
sion of itself to any substance capable of receiving it By 
examining this surface with microscopes, I discovered in 
almost every specimen a grooved structure, like the delicate 
texture of the skin at the top of an infant's finger, or like the 
section of the annual growths of wood, as seen upon a dressed 
plank of fir. These may sometimes be seen by the naked eye, 
but they are often so minute that 3000 of them are contained 
in an inch. The direction of the grooves is always at right 
angles to the line M A C B, fig. 62. ; and hence in irregularly 
formed mother-of-pearl, where the grooves are often circular, 
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and having every possible direction, the colored images A, B 
are irregularly scattered round the common image C. If Uie 
grooves were, accordingly, circular, the series of prismatic 
images, A B, would form a prismatic ring round C, provided 
the grooves retained the same distance. The general distance 
of the grooves is from the 200th to the 5000th of an inch, and 
the distance of the prismatic images firom C increases as the 
grooves become closer. In a specimen with 2500 in an inch, 
the distance A C was 3° 41' ; and in a specimen of about 
5000 it was about t«> 22'. 

These grooves are obviously the sections of all the con- 
centric strata of the shell. When we use the actual surface 
of any stratum, none of the colors A, B are seen, and we ob- 
serve only the mass of nebulous light M occupying the place 
of the principal image C. Hence we see the reason why the 
pearl gives none of the images A, B, why it communicates 
none of its colors to wax, and why it shines with that delicate 
white light which gives it all its value. The pearl is formed 
of concentric spherical strata, round a central nucleus, which 
Sir Everard Home conceives to be one of the ova of the fish. 
None of the edges of its strata are visible, and as the strata 
have parallel snrmces, the mass of light M is reflected exactly 
like the image C, and occupies its place; whereas in the 
mother-of-pearl it is reflected from surfaces of the strata, in- 
clined to the general surface of the specimen which reflects 
the image C. The mixture of all these diffuse masses of 
nebulous light, of a pink and green hue, constitutes the beau- 
tiful white of the pearls. In bad pearls, where the colors are 
too blue or too pink, one or other of these colors has pre^ 
dominated. If we make an oblique section of a pearl, so as 
to exhibit a sufficient number of concentric strata, with their 
edges toleraUy close, we should observe all the communicable 
colors of mother-of-pearl.* 

These phenomena may be observed in many other shells 
besides that of the pearl-oyster ; and in every case we may 
distinguish communicable &om incommunicable colors, by 
placing a film of fluid or cement between the surface and a 
plate of glass. The communicable colors will all disappear 
from the filling up of the grooves, and the incommunicable 
colors will be rendered more brilliant 

(81.) Mr. Herschel has discovered in very thin plates of 
mother-of-pearl another pair of nebulous prismatic imagesi, 
more distant from C than A and B, and also a pair of fainter 
nebulous images, the line joining which is always at right 

* See Edinburgh Journal of Seienf^ No. XII., p. S77> 
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anglee to the line joining the tint pair.'*' These images are 
Been b; looking through a thin piec<f of mother-of'pearl, cut 
parallel to the nnturol surface oT the shell, and between the 
70th and the SOOdth of an inch thick. They are much lar^r 
than A and B; and Mr. Herschel found that the line joining 
them was alwaje perpendicular to a veined structure which 
^8 through its Buhstance. The distance of the red part of 
! image from C was found to be 16° 2B', and the veins 
which produced these colors were bo email that 3700 of them 
were contained in an inch. We have repreeented them in 
^g. 68. aa crossing the ordinary grooveB which give the com- 
municable coloTB. Mr. Herschef deacribea them as crossing 



Uie in: 



these grooves at all angles, " giving the whole surface moch 
the appearance of a piece of twilled silk, or Ihe larger waves 
of the sea intersected with minute ripplings." The second 
pair of nebulous images seen by transmission must arise from 
a veined structure exactlv perpendicular to the first, though 
the structure has not yet been recognized by the microscope. 
The structure which produces the lightest pair Mr. Herechel 
has found to be in all cases coincident with the plane passing 
through the centres of the two systems of polariaed rings. 

The principle of the production of color by groov(3 Bur- 
Aces, and of the communicabtlity of these colors by pressure 
to various substances, has been happily applied to the arts by 
John Barton, Est]. By means of a delicate engine, operating 
by a screw of the most accurate workmanship, he has suc- 
ceeded in cutting grooves upon steel at the distance of from 
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the 2000th to the 10,000th of an inch. These lines are cut 
with the point of a diamond ; and such is their perfect paral- 
lelism and the uniformity of their distance, that while in 
mother-of-pearl we see only one prismatic image, A, on each 
side of the common image, C, of the candle, in the grooved 
steel surfaces 6, 7, or 8 prismatic images are seen, consisting^ 
of spectra, as perfect as those product hy the finest prisms. 
Nothing in nature or in art can surpass this brilliant disjday 
of colors ; and Mr. Barton conceived the idea of forming but- 
tons for gentlemen's dress, and articles of female ornament 
covered with grooves, beautifully arranged in patterns, and 
shining in the light of candles or lamps with all the hues of 
the spectrum. To these he gave the appropriate name of Irif 
ornaments. In forming the buttons, the patterns were draw:} 
on steel dies, and these, when duly hardened, were used t: 
stamp their impressions upon polished buttons of brass. 1 2 
day-light the colors on these buttons are not easily distinguish 
ed, unless when the surface reflects the margin of a dark ob- 
ject seen against a light one ; but in the light of the sun, anc 
that of gas-flame or candles, these colors are scarcely if at a., 
surpass^ by the brilliant flashes of the diamond. 

The grooves thus made upon steel are, of course, all trans- 
ferable to wax, isinglass, tin, lead, and other substances; and 
by indurating thin transparent films of isinglass between two 
of these grooved surfaces, covered with lines lying in all di- 
rections, we obtain a plate which produces by transmission 
the most extraordinary display of prismatic spectra that has 
ever been exhibited. 

(82.) In examining the phenomena produced by some of 
the finest specunens of Mr. Barton's skill, which he Rad the 
kindness to execute for this purpose, I have been led to the 
observation of several curious properties of light In mother- 
of-pearl, well polished, the central image, C, c^ the candle or 
luminous object is always white, as we should expect it to be, 
in consequence of being reflected from the flat and polished 
surfaces oetween the grooves. In like manner, in many 
specimens of grooved steel the image* C is also perfectly 
white, and the spectra on each side (^ it, to the amount of six 
or eight, are perfect prismatic images of the candle; the 
image A, whidi is n^^arest C, being the least dispersed, and 
all me rest in succession more and more dispersed, as if they 
were formed by prisms of greater and greater dispersive 
powers, or greater and greater refracting aqgles. These spec- 
tra contain the fixed lines and all the prismatic colors ; but the 
red or least refrangible spaces are greatly expanded, and the 
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motel or most r^Bngible eptices greatly eontraeted, even jwxt 

than in tbe apectra produced by sulphuiic actd. 

In eiamming siHiie i^ these prismatic images wbich seemed 
to be defective in particular rays, 1 wss surprised to find Lhat, 
in the specimens which prcduced them, the image C refected 
&om the polished original sur&ce of the steel was itself 
slightly colored; that its tint varied with the tmgle of inct- 
dence, and had some relation to the defiilcation of coltw in the 
(msmatic images. In order to observe these phenomena 
ihnnigh a great range of incidence, I substituted for the can- 
dle a long narrow rectangular aperture, formed by nearly 
closing the window-shutters, and I then saw at one view the 
State of the ordinary inuige and all the prinnatic images. In 
order to understand this, let A B, ^g. 64., be the ordimuy 



image of the aperture reflected from the flat stu-fikce of the 
steel which lies between the grooves, and a 6, a' b', a" b", Sic, 
the prismatic images on each side of it, eveiy one of these 
images forcning a complete spectrum with all its different 
cdors. The image A B was crossed in a direction perpen- 
dicular to its length with broad colored fringes, varying in 



Blue .... ^ 5e«> C 

Bluish green . . 54 90 

Yellowish green - 53 15 

Whitish green . - 51 

Whitish yellow - - 49 

Yellow .... 47 15 

Pinkish yellow - - 41 

Pink red .... 36 

Whitish pink - - 31 

Green - ... 24 

Yellow .... 10 

Reddish .... 00 
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their tints from 0^ to 90^ of incidence. In a specimen with 
1000 grooves in an inch, the following were the colars dis- 
tinctly seen at difierent angles of incidence : — 

AagtaoT iBcMeBM. 

White . . . - 90^ 0' 
Yellow .... 80 30 
Reddish orange . . 77 30 

Pmk 76 20 

Junction of pink and ^ >ye .m 

blue ... J '^ *" 
Brilliant blue - - 74 30 
Whitish .... 71 
Yellow .... 64 45 

Pink 59 45 

Junction of pink and ) 50 i a 

blue . - - J 

These colors are those of the reflected rings in thin plates. 
If we turn the steel plate round in azimuth, the very same 
colors appear at the same angle ci incidence, and they suffer 
no change either by varying the distance of the titeid piate 
from the luminous aperture, or the distance of the eye of the 
observer from the grooves. 

In the preceding table there are foar orders of colors; but 
in some specimena there are only three, in others two, in 
others one, and in some only one or two tints of the first order 
are developed. A specimen of 500 grooves m an inch gave 
only the yellow of the first order through the whole qua£'ant 
of incidence. A specimen of 1000 grooves gave only one 
complete order, with a portion of the next A specimen of 
3333 grooves gave only the yellow of the first order. A spe- 
cimen of 5000 gave a little more than one order ; and a spe- 
cimen of 10,000 grooves in an inch gave also a little more 
than one order. 

In Jig, 64. we have represented the portion of the quadrant 
of incidence from about 22° to 76°. In the first spectrum, 
ababjVvk the violet side of it, and r r the red side of it, 
and between these are arranged all the other colora At m, 
at an incidence of 74°, the violet light is obliterated firom the 
Gpectrum a b ; and at n, at an incidence of 66°, the red rays 
are obliterated ; the intermediate colors, blue, green, &c., being 
obliterated at intermediate points between m and n. In the 
second spectrum, a' b' a' b', the violet rays are obliterated at 
171' at an incidence of 66° 20', and the red at n' at an inci- 
dence of 56°. In the third spectrum, a" b" a" b", the violet 
rays are obliterated at m" at 57°, and the red at n" at 41° 

K 
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35'; and in the roorth qiectrum, the violet mva are oUil^ 
erated at m"' at 48°, and the red at n'" at 23° 30". A mmi- 
lar succesaioD of obliterated tbta takes place <sa all the pris- 
loatic images at a lesser incidence, as sDown at f >i i^r' ; tho 
violet being obliterated at fi and ^', and the red at r and >', and 
the intermediate colors at intermediate points. In this 
second succession the line /i r begins and ends at the same 
angle of incidence as the line m" n" in the third prismatic 
image a" b", and the line fi' >' in the second prismatic inmfe 
correspoDda with m'" n'" on the fourth prismatic image. In 
all tbeye cases, the tints oUiterated in the directitn m n ^t, 
&c., would, if restored, fbnn a complete prismatic spectrum 
whose lengUi is tn n fi v, &c. 

Considering the ordinary image as white, a similar oblitera- 
tion of tints ^es place upon iL The violet is obliterated at 
o about 76°, leasing pink, or what the. violet wants of white 
light; and die red is obliterated at p at 74°, leaving a l^ight 
^e. The violet is obliterated at q and >, and the red at r 
and t, as may be inferred from the preceding Table of colors. 
The analysis of these curious and apparently complicated 
phenomena becomes very simple when ihey are examined by 
bomogenecnia light The efiect produced on red light is re- 
presented in Jig. 65., where A B is the im^ of the narrow 
ng. 69. aperture reflected from the original 

Burlace of the steel, and the four images 
on each side of it correspond with the 
prismatic images. All these nine 
miages, however, consist of homogene- 
ous red light, which is obliterate, or 
nearly so, at the fifteen shaded rectan- 
gles, which ore the minima of the new 
series of periodical colors which cross 
both the ordinary and the latetal toiages. 
The centres p, r, I, n, r, &c, of these 
rectangles correspond with the points 
marked with the same letters in fig. 
64. ; and if we bad drawn the same ■ 
figure for violet light, the centres of 
the rectangles would have been all 
higher up in the figure, and would 
have corresponded with o, q, *, m, /•, 
&c. in fig. 64. The rectangles should 
have been shaded off to represent the 
phenomena accurately, but the only 
object of the figure is to show to 
the eye the position and relations of 
the minima. 
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If we cover the sur&ce of the grooved steel with a flaid« 
90 as to diminish the refiractive power of the sar&ce, we de 
velope more orders of colors on the ordinary imajge, and a 
greater number of minima on the lateral images, higher tints 
being produced at a ^ven incidence. But, what is very re- 
marSable, in grooved surfaces when the ordinary image is 
perfectly white, and when the spectra are complete without 
any obliteration of tints, the application of fluids to the 
grooved sur&ce developes colors on the ordinary image, and a 
corresponding obliteration of tints on the lateral images. The 
fi>llowmg Table contains a few of the results relative to the 
ordinary image : — 



Sunbar of 

■raov« in 

uiarh. 


MazlmuB ttat 
wttb«wt ■ flnid. 


Maxianm ttflt wnk a«Mk 


312. 
3333 


Perfectly white. 

i Gamboge yellow 
I of the tint order. 


1 1. Water, tinge of vellow. 

< 2. Alcohol, tinge ot yellow. 

I 3. Oil of caaeia, faint reddish yellow. 

C 1. Water, pinkish rod (first order). 

J 2. Alcohol, reddish pink. 

] 3. Oil of cassia, bright blue (second 

[^ order). 



Phenomena analogous to those above described take place 
upon the grooved surfaces of ^oldj tilver, and calcareous 
spar ; and upon the surfaces of tin, isinglass, realgar, &c„ 
to which the grooves have been transferred from steel. For 
an account of the phenomena exhibited by several of these 
substances, I must ivefer the reader to the original memoir in 
the Philosophical Transactions for 1829. 
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CHAP. XV. 



ON FFTS OF REFLEXION AND TRANSMISSION, AND ON THE 

INTERFERENCE OF LIGHT. 

(83.) In the preceding chapters we have described a veiy 
extensive class of phenomena, all of which seem to have the 
same origin. From his experiments on the colors of thin and 
of thick plates, Newton inferred that they were produced by 
a singular property of the particles of light, in virtue of 
which they possess, at different points of Uieir path, fits or 
dispositions to be reflected from or transmitted by transparent 
bodies. Sir Isaac does not pretend to explain the origin of 
these fits, or tlie cause which produces them ; but we may 
form a tolerable idea of them by supposing that each particle 
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of light, after its discharge from a luminous body, revolves 
round an axis perpendicular to the direction of its motion, and 
presenting alternately to the line of its motion an attractive 
aad a repulsive pole, in virtue of which it will be refracted if 
the attractive pole is nearest any refracting surface on which 
it fiills, and reflected if the repulsive pole is nearest that sur- 
ikce. The disposition to be refracted and reflected will of 
course increase and diminish as the distance of either pole 
from the surface of the body is increased or diminished. A 
less scientific idea may be formed of this hypothesis, by sup- 
posing a body with a sharp and a blunt end passing through 
space, and successively presenting its sharp and blunt ends to, 
the line of its motion. When the sharp end encounters any 
soft body put in its way, it will penetrate it; but when the 
blunt end encounters the same body, it wiU be reflected or 
driven back. 

To explain this more clearly, let B^Jig, 66., be a ray of 
jght falling upon a refracting surface M !N, and transmitted 

by that surface. It is clear that it must 
have met the surface M N when it was 
nearer its fit of transmission than its fit of 
reflexion ; but whether it was exactly at its 
fit of transmission, or a little from it, it is 
put, by the action of the sur&ce, into the 
same state as if it had begun its fit of trans- 
mission at t. Let us suppose that, after it 
has moved through a space equal to ( r, its 
fit of reflexion ta^es pkce, the fit of trans- 

t1 ^ mission always recommencing at 1 1\ &c. 

and that of reflexion at r r', &,c. ; then it is obvious, that if 
the ray meets a second transparent surface at 1 1\ &c., it will 
be transmitted, and if it meets it at r r\ &c., it will be reflected. 
The spaces t T, t' t" are called the intervals of the fits of 
transmission, and r r', r' r" the intervals of the fits of re- 
flexion. Now, as the spaces / /', r r', ^c. are supposed equal 
for light of the same colors, it is manifest that, if M N be the 
first surface of a body, the ray will be transmitted if the 
thickness of the body is t V, t f\ &c. ; that is, tt',2t t', 3 1 1\ 
4 1 t'y or any multiple whatever of the interval of a fit of easy 
transmission. In like manner the ray will be reflected if the 
thickness of the body \8tr,tr'; or, since 1 1' is equal to r r', 
if the thickness of the body m \tt\ \\t V, 2^ 1 1', 3^ t V. 
If the body M N, therefore, had parallel "surfaces, and i? the 
eye were placed above it so as to receive the rays reflected 
perpendicularly, it would, in every case, see the surface M N 
by the portion of light uniformly reflected from that surface ; 
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but whrai the tiucknes of the body was ( (', 2 1 1', 3 ( f , 4 1 (' 
or 1000 ( f, Che eye would receive no rays from Lhe second 
Bur&ce, because they are all transmitted ; and in like nuumer, 
if the thickness was ^ t i', Ij ( f ', 2^ t (', or lOOOJ t f, the eye 
would receive aU the light reflected from the second surface, 
because it is all reflected. When this reflected light meets 
the flrat Burfiice M N, on ita way to the eye, it is all tmu- 
nitted, because it is then in its nt of transmissioii. Hence, 
in the first case, the eye receives no light from the second 
Bur&ce, and in the tecond case, it receives all the light fnsn 
the teeond surface. If (he body had intermediate thicknesses 
between tv and 2 ( f , &C., aa f £ C, then a portion of the 
light would be reflected from the second surflice, increasbg 
aa the thickness increased from f t' to 1| t f , and diminishing 
again as the thickness increased from IJ f f to 2 (*('. 

But let us now suppose that the plate whose surfiic« is M N 
is unequally thick, like the plate of air between the two 
lenses, or a film of blown glass. Let it have its thickness 
varying like a wedge MNP, fig. 67. Let ( (', r r' be the in- 
tervals of the fits, and let the eye be placed above the wedge 
OS before. It is quite clear that near the point N the light 
that falls upcHi the second surface N P will be all transmitted, as 
it is in a fit of tranamlssion ; but at the thickness f r the light 
K will be reflected by the second sur&ce, because it is then 
in its fit of reflexion. In like manner the light will be trans- 
mitted at t, again reflected at r*, and again transmitted at t" ; 
BO that the eve above M N will see a series of dark and 
luminous bands, the middle of the dark ones beuig at N, t, I" 
in the line N P, and of the luminous ones at r, r', && in the 



same line. Let us suppose that the figure is suited tt^ red 
bootogeneous light, 1 1' being the interval of a fit for that 
species of rays; then in violet light, V, the interval of lhe fits 
will be less, as rf.. If we therefore use violet light, the iii- 
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terval of whose fits is rp, a smaller series of violet and ob- 
scure bands or fringes will be seen, whose obscurest points 
are at N, f, t", &c., and whose brightest points are at p, 'p, 
&c. In like manner, with the intermediate colors of the 
spectrum, bands of intermediate magnitudes will be formed, 
having their obscurest points between r' and t\ t" and «", and 
their brightest points between o and r, p' and r', &c. ; and 
when white light is used, all these differently colored bands 
will be seen forming fringes of the different orders of colors 
given in the Table in page 93. If M N P^ in place of being 
9ie section of a prism, were the section of one half of a 
plano-concave lens, whose centre is N, and whose concave sur- 
iace has an oblique direction somewhat like N P, the direction 
of the colored bands will always be perpendicular to the 
radius ^ M, or will be regular circles. For the same reason, 
the colored bands are circular in the concave lens of air be- 
tween the object glasses ; the same colors always appearing 
at the same thickness of the medium, or at the same distance 
from the centre. 

By the same means Sir Isaac Newton explained the colors 
of thick plates, with this difference, that the fringes are not 
in that case produced by the light regularly refracted and re- 
flected at the two surfaces of the concave mirror, but by the 
light irregularly scattered by the first surface of the mirror 
in consequence of its imperfect polish ; for, as he observes, 
" there is no glass or speculum, how well soever polished, but, 
besides the Tight which it refracts and reflects regularly, 
scatters every way irregularly a faint light, by means of 
which the polished surface, when illuminated in a dark room 
by a beam of the sun^s light, may be easily ^een in all posi- 
tions of the eye." 

The same theory of fits afS)rds a ready explanation (xf the 
phenomena of double and equally thick plates, which we have 
described in another chapter. There are other phenomena 
of colors, however, to which it is not equally applicable ; and 
it has accordingly been, in a great measure, superseded by 
the doctrine of interference, which we shall now proceed 
to explain. 

(83.) In examining the black and white stripes within the 
shadows of bodies as formed by inflexicm. Dr. Young found 
tJiat when he placed an opaque screen either a few inches be- 
fore or a few inches behind one side of the inflecting body, B, 
Jig, 56., so as to intercept all the light on that side by receiv- 
ing the edge of the shadow on the screen, then all the fringes 
in the shadow constantly disappeared, although the light still 
passed by the other edge of the body as before. Hence he 
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concluded that tiie ligbt which passed on hoth rides was ne- 
cessary to the production of the fringes ; a conclusion which 
he might have deduced also from tro known &ct, that when 
the hmiy was ahove a certain size, fringes never appeared in 
its shadow. In reasoning upon this conclusi<»)) Dr. Young 
was led to the opinion, that the fringes within the shadow 
were produced by the interference qf the rays bent into the 
shadow by one side qf the body B toith the rays bent into the 
shadow by the other side. 

In order to explain, the law of inter ference indicated in this 
experiment, let us suppose two pencils of light to radiate from 
two points very close to each other, and that this light falls 
upon the same spot of a piece of paper held paralleT to the 
line joining the points, so that the spot is direcdy opposite the 
point which bisects the distance between the two radiant 
points. In this case they may be said to interfere with one 
another ; because the pencils would cross one another at that 
spot if the paper were removed, and would diverge from one 
another. The spot will, therefore, be illuminatS with the 
sum of their lights ; and in this case the length of the paths 
of the two pencils of light is exactly the same, the spot aa 
the paper being equally distant from both the mdiant pointa 
Now, It has been found that when there is a certain minute 
difference between the lengtlis of the paths of the two pencils 
of light, the spot upon the paper where the two lights inter- 
fere IS still a bright spot illuminated by the sum of the two 
lights. If we call this difference in the leuj^ths of their paths 
dy bright spots will be formed by the interrerence of the two 
pencil when the differences in the lengths of the paths are 
^, 2 (Z, 3 J, 4 <i, &JC, All this is nothing more than what is 
consistent with daily observation ; but, what is truly remark- 
able and altogether unexpected, it has been clearly demon- 
strated that if the two pencils interfere at intermediate points, 
or when the difference in the lengths of the paths of the two 
pencils is | c2, 1| (2, 24 <2, 3^ d^ dz^c. instead of adding to one 
another^s intensity, and producing an illumination eqtml to the 
sum of their lights, they destroy each other, and produce a 
dark spot This curious property is analogous to the beating 
of two musical sounds nearly in unison with each other ; the 
beats taking place when the effect of the two sounds is equal 
to the sum of their separate intensities, corresponding to the 
luminous spots or fringes where the efl^t of the two Tights is 
equal to the sum of their separate intensities, and the cessa- 
tion of sound between the beats when the two sounds destroy 
each other, corresponding to the dark spots or fringes where 
the two lights produce darkness. 
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By the aid of this doctriae the phenomena of the inflexion 
of light, and those of thin and thick plates, may be well ex- 
plained. With regard to the interior fringes, or those in the 
shadow, it is clear that as the middle of the shadow is equally 
distant from the edges of the inflecting body B, fie, 56., there 
will be no difference in the length of the paths of the pencils 
coming from each side of the body, and consequently along 
the middle of the whole length of every narrow shadow there 
^ould be a white stripe illuminated with the sum of the two 
inflected pencils ; but at a point at such a distance from the 
centre of the shadow that tiie diflbrence of the two paths of 
the pencil from each side of the body is equal to ^ cf, the two 
pencils will destroy each other, and ^ive a dark stripe. Hence 
there will be a dark stripe on each side of the central bright 
one. Li like manner it may be shown, that at a point at such 
a distance from the centre of the shadow that the difTerence 
in the len^hs of the paths is 2 cf, 3 <2, there will be bright 
stripes; and at intermediate points, where the difference in 
the lengths of the paths is 1^ d^ 2^ d^ there will be dark 
stripes.* , 

In order \jq explain the origin of the external fringes, both 
Dr. Young and M. Fresnel ascribed them to the interference 
of the direct rays with other rays reflected from the margin 
of the inflecting body ; but M. Fresnel has found that the 
fringes exist when no such reflexion can take place ; and he 
has, besides, shown the insufficiency of the explanation, even 
if such reflected rays did exist. He therefore ascribes the ex- 
ternal fringes to the interference of the direct rays with other 
rays which pass at a sensible distance from the inflecting body, 
and which are made to deviate from their primitive direction. 
That such rays do exist, he proves upon the undulatory theory, 
which we shall afterwards explain. 

The phenomena of thin plates are admirably explained by 
the doctrine of interference. The light reflected from the 
second surface of the plate interferes with the light reflected 
from the flrst, and as these two pencils of light come from dif* 
ferent points of space, they must reach the eye with different 
lengths of paths. Hence they will, by their interference, form 
luminous fringes when the difference of the paths is (2, 2 c?, 
3 rf, &c., and obscure fringes when that difference is 4 rf, 1| d^ 
2i d, ^ d, &c. 

In accounting for the colors of thick plates observed by 
Newton, the light scattered irregularly fixjm every point of 
the first surface of the concave mirror falls diverging on the 

^^»^»^— ■ ■»■■■■■!■ ^ »l.— . ■ ..IIMM ■ . I .1 ■ I ■ ■ ■ ■ I I ■ » 

*See Note No. V., by Am. ed., following tbe author's Appendix. 
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second sur&ce, and being reflected from this surfiice in lines 
diverging from a point behind, they will su^r refraction in 
coming out of the first surface of the mirror, being made to 
diverge as if from a point still nearer the mirror, but behind 
its surface. From this last point, therefore, the screen H N, 
in fig. 60., is illuminated by the rays originally scattered on 
entering the first surfiice. But when the regulariy reflected 
light, BKer reflexion from the second surface, emerges from 
the first, it will be scattered irregularly firom each point on 
that surfibce, and radiating from these points will iUmninate 
the paper screen M N« Every point, therefore, in the paper 
screen is illuminated by two kiims of scattered light, the one 
radiating firom each point of the first suriace, and the other 
from points behind the second surface ; and hence bright and 
obscure bands will be fi>rmed when the dijBerences df the 
lengths of their paths are such as have been alroidy de- 
scribed. 

The cdors of two equally thick and inclined plates are also 
explicable by the law of interference. Although the light re* 
fleeted by the difiTerent sur&ces of the plate emerges parallel 
as shown, in J^. 61., yet in ccmsequence of the inclination c^ 
the plates it reaches the eye by paths d£ different lengths. 

Tne colors of fine fibres, of mmute particles, of mottled and 
striated surfaces, and of equidistant parallel lines, may be aU 
referred to the interference of different portions of li^t 
reaching the eye by paths of dififerent lengths ; and though 
some di&culties still exist in the application of the doctrine to 
particular phenomena that have not been sufficiently studied, 
yet there can be no doubt that these difficulties will be re- 
moved by closer investigation. 

As all the phenomena of interference are dependent upon 
the quantity d, it becomes interesting to ascertain its exact 
magnitude for the differently colored rays, and, if possible, to 
trace its origin to some primary cause. It is obvious, as 
Fraunhofer has remarked, that this quantity d is a real abso- 
lute magnitude, and whatever meaning we may attach to it, 
it is demonstrable that one half of it, m reference to the phe- 
nomena produced by it, is opposed in its properties to the other 
half; so that if the ant»7or half combines accurately with 
the posterior hall| or interferes with it in this manner under a 
small angle, the effect which would have been produced by 
each separately is destroyed, whereas the same effect is 
doubled if two anterior or two posterior halves of this mag- 
nitude combine or interfere in a similar manner. 

(84.) In the Newtonian theory of light, or the theory of 
amission, as it is called, in wliich light is supposed to consist 
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of material particles emitted by luminous bodies, and movinff 
through space with a velocity of 192,000 miles in a second, 
the quantity d is double the interval of the fits of easy re- 
flexion and transmission ; while in the undulatory theory it is 
equal to the breadth of an undulation or wave of light 

In the undulatory theory, an exceedingly thin and elastie 
medium, cajled ether, is supposed to fill all space, and to oc- 
cupy the intervals between the particles of all material bodiea 
The ether must be so extremely rare as to present no appre- 
ciable resistance to the planetary bodies which move &eely 
through it. 

The particles of this ether are, like those of air, capable of 
being put into vibrations by the agitation of the particles of 
matter, so that waves or vibrations can be propagated through 
it in all directions. Within refracting media it is less elastic 
than in vacuo, and its elasticity is less in proportion to the re- 
fractive power of the body. 

When any vibrations or undulations are propagated through 
this ether, and reach the nerves of the retina, they excite the 
sensation of light, in the same manner as the sensation of 
sound is excited in the nerves of the ear by the vibrations of 
the air. 

Differences of color are supposed to arise from diflerences 
in the frequencv of the etherial undulations y red being pro- 
duced by a much smaller number of undulations in a given 
time than blue, and intermediate colors by intermediate num- 
bers of imdulations. 

Each of these two theories of light is beset with dif^cultiea 
peculiar to itself; but the theory of undulations has made 
great progress in modem times, and derives such powerful 
support from an extensive class of phenomena, that it has been 
received by many of our most distinguished philqsophers. 

In a work like this it would be in vain to attempt to give 
a particular account of the principles of this theory. It may 
be suficient at present to state, that the doctrine of inter- 
ference is in complete accordance with the theory of undula- 
tion. When similar waves are combined, so that the eleva- 
tions and depressions of the one coincide with those of the 
other, a wave of double magnitude will be produced ; whereas, 
when the elevations of th6 one coincide with the depressbns 
of the other, both systems of waves will be totally destroyed. 
"The spring and neap tides," says Dr. Young, "derived from 
the combination of the simple soli-lunar tides, a^rd a mag- 
nificent example of the interference of two immense waves 
with each other ; the spring tide being the joint result of the 
combination when they coincide in time and place, and the 
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neap tide where tfaey succeed each other at the distance of 
hair an interval, so as to leave the effect of their difference 
only sensible. The tides of the port of Batsha, described and 
explained by Halley and Newton, exhibit a different modifica- 
tion of the same opposition (£ undulations ; the ordinary pe- 
riods of high and low water heing altogether superseded on 
account of the different lengths or the two channels bv which 
the tides arrive, affinrding exactly the half interval which 
causes the disappearance of the alternation. It may also be 
very easily observed, by merely throwing two equal stones 
into a piece of stagnant water, that the circles of waves which 
they occasion obliterate each other, and leave the surface of 
the water smooth in certain lines <^ a hyperbolic fi>rm, while 
in other neighboring parts the surface exhibits the agitation 
belonging to both series united.*' 

The rollowino^ Table given by Mr. Herschel contains the 
principal data of the undulatory theory : — 



Colora of tta« Speetram. 



Extreme red . 
Red . . . 

Intermediate . 

Orange . . 
Intermediate . 

Yellow . . 
Intermediate . 

Green 
Intermediate . 

Blue . . . 
Intermediate . 

Indigo . . 
Intermediate . 

Violet . . 
Extreme violet 



Leaitiw of an C»- 
dnlatlon in parte 
of aviJMbiaHr. 



0*0000266 
0-0000256 
0-0000246 
0-0000240 
0-0000235 
0-0000227 
0-0000219 
0-0000211 
0-0000203 
0-0000196 
0-0000189 
0-0000185 
0-0000181 
0-0000174 
0-0000167 



Hvater of 
Cadnlatioaa 
In u laelk 



37640 
39180 
40720 
41610 
42510 
44000 
45600 
47460 
49320 
51110 
52910 
54070 
55240 
57490 
59750 



Romtar of UndntattoM la a 
■ccoad.* 



458,000000,000000 
477,000000,000000 
495,000000,000000 
506,000000,000000 
517,000000,000000 
535,000000,000000 
555,000000,000000 
577,000000,000000 
600,000000,000000 
622,000000,000000 
644,000000,000000 
658,000000,000000 
672,000000,000000 
699.000000,000000 
727,000000,000000 



" From this Table," says Mr. Herschel, " we see that the 
sensibility of the eye is confined within much narrower limits 
than that of the ear ; the ratio of the extreme vibrations being 
nearly 1.*^ : 1, and therefore less than an octave, and about 
equal to a minor sixth. That man should be able to measure 
with certainty such minute portions of space and time, is not 
a little wonderful ; for it may be observed, whatever tiiebry 
of li^t we adopt, these periods and these spaces have a real 
existence, being in fact deduced by Newton from direct mea- 
surements, and involving nothing hypothetical but tiie names 
here given them." 



* Taking the velocity of light at 192,000 miles per second. 
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CHAP. XVI. 
ON THE ABSORPTION OF LIGHT. 

(85.) One of the most curious properties of bodies in their 
action upon light, and one which we are persuaded will yet 
peiibrm a most important part in the explanation of optical 
phenomena, and become a ready instrument in opticcu re- 
searches, is their power of absorbing light Even the most 
transparent bodies in nature, air and water, when in sufficient 
thickness, are capable of absorbing a great quantity of light 
On the summit of the highest mountains, where their light 
has to pass through a much less extent of air, a much greater 
number of stars is visible to the eye than in the plains below ; 
and through great depths of water objects become almost in- 
visible. The absorptive power of air is finely displayed in 
the color of the morning and evening clouds ; ana mat of 
water in the red color of the meridian sun, when seen from 
a diving-bell at a great depth in the sea. In both these cases, 
one class of rays is absorbed more readily than another in 
passing through the absorbing medium, while the rest make 
their way in the one case to the clouds, and in the other to 
the eye. 

Nature presents us with bodies of all degrees of absorptive 
power, as shown in the following brief enumeration : — 



Charcoal. 

Coal of- all kinds. 

Metals m generaL 

Silver. 

Gold. 

Black hornblende. 

Black pleonaste. 



Obsidian. 

Rx)ck crystal. 

Selenite. 

Glass. 

Mica. 

Water and transparent fluids. 

Air and gase& 



Althoagh charcoal is the most absorptive of all bodies, yet, 
when it exists in a minutely divided state, as in some of tlie 
gases and flames, or in a particular state of agcfregaticm, as in 
the diamond, it is highly transparent In like manner, all 
metals are transparent in a state of solution ; and even sUver 
and gold, when beaten into thin films, are translucent, the 
former transmitting a beautiful blue, and the latter a beautifiil 
green light* 



*See Note No. VI. of Am. ed., in the notes following the author** 
An>enclix. 
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Philosophers have not yet ascertained the nature of the 
power by which bodies absorb light Some have thought 
that the particles of light are reflected in all directions by the 
particles of the absorbing body, or turned aside by the forces 
resident in the particles ; while others are of opinion that 
they are detained by the body, and assimilated to its sub- 
stance. If the particles of light were reflected or merely 
turned out of their direction by the action of the particles, it 
seems to be quite demonstrable that a portion oi the most 
opaque matter, such as charcoal, would, when exposed to a 
strong beam of light, become actually phosphorescent during 
its illumination, or would at least appear white ; but as all the 
light which enters it is never again visible, we must believe, 
till we have evidence of the contrary, that the light is actu- 
ally stitpped by the particles of the body, and remains within 
it in the form of imponderable matter. 

Some idea may be formed of the law according to which a 
body absorbs light, by supposing it to consist of a given num- 
ber of equally Uiui plates, at the refracting surfaces of which 
there is no light lost hy reflexion. If the first plate has the 
power of aba)rbing y\yth of the light which enters it, or 100 
rays out of 1000 ; Sien y^Htis of the origmal light, or 900 rays, 
will M\ upon the second plate ; and ^th of these, or 90, be- 
ing absorbed, 810 will fall upon the third plate, and so oa 
Hence it is obvious that the quantity of light transmitted by 
any number of films is equal to the light transmitted througn 
one film multiplied as often into itself as there are films 
Thus, since 900 out of 1000 rays are transmitted by one film 
s^X^X^ equal to j^^®^, or 729 rays, will be the quantity 
transmitted by three nlms ; and therefore the quantity absorb- 
ed will be ^1 rays. Of the various bodies which absorb 
light copiously, there are few that absorb all the colored rays 
of the spectrum in equal proportion& While certain clouds 
absorb the blue rays and transmit the red, there are others 
tiiat absorb all the rays in equal proportions, and exhibit the 
sun and the moon when seen through them perfectly white. 
Ink diluted is a fine example of a fluid which absorbs all the 
colored rays in equal proportions ; and it has on this account 
been applied by Sir William Herschel as a darkening sub- 
stance for obtaining a white image of the sun. Black pleon- 
aste and obsidian a^rd examples of solid substances which 
absorb all the colors of the spectrum proportionally. 

(86.) All colored transparent bodies, however, whether 
solid or fluid, do not necessarily absorb the colors proportion- 
ally ; for it is only in consequence of an unequal absorption 
that they could appear colored by transmitted light In order 
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to exhibit this absorptive power, take a thick piece of the blue 
glass tha : is used &r finger glasses, and which is sometimes 
met with in cylindrical rods of about Aths of an inch in 
diameter, and shape it into the form of a wedge. Form a 
prismatic image of the candle, or, what is better, of a narrow 
rectangiilar aperture in the window by a prism, and examine 
this prismatic image through the wedge of colored glass. 
Through the thinnest edge the spectrum will be seen nearly 
as comp^lete as before the interposition of the wedge ; but as we 
look at it through greater and greater thicknesses, we shall 
see particular parts or colors of the spectrum become fainter 
and fainter, and gradually disappear, while others suffer but a 
slight diminution of their brightness. When the thickness is 
about the twentieth part of an inch, the spectrum will have 
the appearance shown in fig. 68., where the rmddle R of the 
red space is entirely absorbed, the inner red that is left is 
weakened in intensity ; the orange is entirely absorbed ; the 
yelUno Y is left almost insulated ; the green G on the side of 
JFi^. 68. ^® yellow is very much absorbed; 

and a slight absorption takes place 
along the greened blue space. At 
:a..SQeater tbtckhess still, the inner 
' red dimfnishes rapidly, and also the 
yellow, green, and blue; till,. at a certain thickness, all the 
middle colors of the spectrum are absorbed, and nothing left 
but the two extreme colors, the red R and the violet V, as 
shown in fig. 69. As the red light R has much greater in- 
Fig.^. tensity than the violet, the glass 

has at this thickness the appearance 
of being a red glass; whereas at 

, small thicknesses it'had the appear- 

^ ance of being a blue glass. 
Other colored media, instead of absorbing the spectrum in 
the middle, attack it, some at one extremity, some at another, 
and others at both. Red glasses, ibr example, absorb the blue 
and violet with great force. A thin plate of native yellow 
orpiment absorbs the violet and refrangible blue rays very 
powerfully, and leaves the red, yellow, and green but little 
affected. Sulphate of copper attacks both ends of the spec- 
trum at once, absorbing the red and violet rays with great 
avidity. In consequence of these different powers of aMorp- 
tion, a very remarkable phenomenon may be exhibited. If 
we look through the blue glass so as to see the spectrum in 
fig. 69., and then look at this spectrum again with a thin 
plate of sulphate of copper, which absorbs the extreme rays 
at R and V, the two substances thus combined will be abso 
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iutely opaque, and not a ray of li^ht will reach the eye. The 
effect is perhaps more striking if we look at a bright white 
object through the two media together. ""^tt 

(87.) In attempting to ascertain the influence of heat on^ 
the absorbing power of colored media, I was surprised to ob- 
serve that it produced opposite effects upon different glasses, 
ditninishif^ the absorbing power in some and increasing it 
in others. Having brought to a red heat a piece of purple 
glass, that absorbed the greater part of the green, the yellow, 
and the interior or most refrangible red, I held it be&re a 
i^rong light; and when its red heat had disappeared, I ob- 
served that the transparency of the glass was increased, and 
that it transmitted freelj^ the j?reen, the yellow, and the 
interior red, all of which it had formerly, in a great measure, 
absorbed. This efiect, however, gradually dioippeared, and 
it recovered its former absorbent power, when completely 
cold. 

When yellowish-green glass was heated in a similar man- 
ner, it lost its transparency almost entirely. In recovering its 
freen color, it passed through various shades of olive green; 
ut its tint, when cold, continued less green than it was be- 
fore the experiment A part of the glass had received in 
cooling a polarizing structure, and this part could be easily 
distinguished from the other part by a difference of tint 

A ^te of deep red glass, which gave a homogeneous re<l 
image of the candle, became veiy opaque when heated, and 
scarcely transmitted the light of the candle after its red heat 
had subsided. It recovered, however, its transparency to a 
certain degree ; but when cold, it was more opaque than the 
piece from which it was broken. I have observed analogous 

Ehenomena in mineral bodies. Certain specimens of topaz 
ave their absorbing . power permanently changed l^y heat. 
In subjecting the Italas ruby to high degrees of heat, I ob- 
served that its red color changed into green^ which gradually 
(aded into brown as the coming advanced, and resumed by 
degrees its original red color. In like manner, M. Berzelius 
ob^rved the spinelle to beccxne brown by heat, then to grow 
opaque as the neat increased, and to pass through a fine olive 
green before it recovered its red color. A remarkable change 
cf absorbent power is exhibited by heating very considerably, 
but so as not to inflame it, a plate of yellow native orpiment, 
which absorbs the videt and blue rays. The heat renders it 
almost hhod red, in consequence of its now absorbing the 
greater part of the green and yellow rays. It resumes its 
nmner color, however, by cooling. A still more striking 
effect may be produced with pure phosphorus, which is of a 
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slightly yellow color, transmitting freely almost all the color- 
ed rays. When melted, and suddenW cooled, it acquired the 
power of absorbing all the colors of the spectrum at thick- 
nesses at which it formerly transmitted them all. The Uack- 
ness produced upon pure phosphorus was first observed by 
Thenard. Mr. Faraoay observed, that glass tinged purple 
with manganese had its absorptive power altered by the mere 
transmission through it of the solar rays. 

By the method above described of absorbing particular 
colors in the spectrum, I was led to propose a new method of 
analyzing white light The experiments with the blue glass 
incontestably prove that the orange and green colors in solar 
light are compound colors, which, though they cannot be de- 
composed by the prism, may be decomposed by absorption, by 
which we may exhibit alone the red part of the orange and 
the blue part of the green, or the yellow part of the orange 
and the yellow part of the green ; and, by submitting tne 
other colors of the spectrum to the scrutiny of absorbent 
media, I was led to the conclusions respecting the spectrum 
which are explained in Chapter VII. 

We have already seen tiiat in the solar spectrum, as de- 
scribed by Fraunhofer, there are dark lines, as if rays of par- 
ticular refrangibilities had been absorbed in their course from 
the sun to the earth. The absorption is not likely to have 
taken place in our atmosphere, otherwise the same lines 
would have been wanting m the spectra from the fixed stars, 
and the rays of solar light reflected from the moon and planets 
would probably have been modified by their atmospheres. 
But as this is not the case, it is probable that the rays which 
are wantmg in the spectrum have been absorbed by the sun's 
atmosphere, as Mr. Herschel has supposed. 

(88.) Connected with the preceding phenomena is the sub- 
ject of colored flames, which, when examined by a prism, 
exhibit spectra deficient in particular rays, and resembling 
the solar spectrum examined by colored glasses. Pure hy- 
drogen gas bums with a blue flame, in which many of the 
rays of light are wanting. The flame of an oil lamp contains 
most of flie rays which are wanting in sun-light Alcohol 
mixed with water, when heated and burned, aflfords a flame 
with no other rays but yellow. Almost all salts communi- 
cate to flames a peculiar color, as may be seen by introducing 
the powder of these salts into the exterior flame of a candle, 
or into the wick of a spirit lamp. The following results, ob* 
tained by difierent authors, have been given by Mr. Her- 
schel : — 
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• 

Sahs of Boda, HoinoQiaMoiui yellow. 

potasb, Pale violet 

lime, Brick red. 

rtrontia, Bright crinuKm. 

' Uthia, Red. 

barjrta, Pale apple green. 

— — copper, ...... Bluish green. 

According to Mr. Herschel the muriates sacceed best on 
account of their volatility. 



CHAP. XVIL 

ON THE DOUBLE BEntACTIOIl OV UOHT. 

(89.) In the preceding chapters of this work it has always 
been supposed, when treating of the refraction of light, either 
through surfaces, lenses, or prisms, that the transparent or re- 
fracting body had the same structure, the same temperature, 
and the 3ame density in every part of it, and in every direc- 
tion in which the ray could enter it Transparent bodies of 
this kind are gases, fluids, solii bodies, such as different kinds 
of glass, formed by fusion,.and slowly and equally cooled, and 
a numerous class of crystallized bodies, the form of whose 
primitive crystal is the citbcy the regular octohedron^ and the 
Thomboidal dodecahedron. When any of these bodies have 
the same temperature and density, and are not subject to any 
pressure, a single pencil of light incident upon any single sur- 
face of them, perfectly plane, will be refracted into a single 
pencil according to the law of the sines explained in Chap- 
ter III. 

In almost all other bodies, including salts and crystallized 
minerals not having the primitive forms above mentioned; 
animal bodies, such as hair, horn, shells, bones, lenses of ani- 
mals and elastic integuments ; vegetable bodies, such as cer- 
tain leaves, stalks, and seeds; and artificial bodies, such as 
resins, gums, jellies, glasses quickly and unequally cooled, and 
solid belies having unequal density either from unequal tem- 
perature or unequal pressure; — in all such bodies a single 
pencil of light incident upon their surfaces will be refracted 
into two different pencils^ more or less inclined to one another, 
according to the nature and state of the body, and according 
to the direction in which the pencil is iticident. The separa- 
tion of the two pencils is sometimes very ^eat, and in most 
cases easily observed and measured ; but m other casefl it ii 

L2 
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not visible^ and its existence is inferred only irorb certain 
effects which could not arise except from two refracted pen- 
cils. The refraction of the two pencils is called double re- 
fractioUf and the bodies which produce it are called dovhly 
refracting bodies or crystals. 

As the phenomena of double refraction were first discovered 
in a transparent mineral substance called Iceland spar, caUiaf 
reous spar, or carbonate of lime, and as this substance is ad- 
mirably fitted for exhibiting them, we shall begfin by explain- 
ing the law of double refraction as it exists m this muieral. 
Iceland spar is composed of 56 parts of lime, and 44 of car- 
bonic acid. It is found in almost all countries, in crystals of 
various shapes, and often in huge masses ; but, whether found 
in crystals or in masses, we can always cleave it or split it 
into shapes like that represented in fig, 70., which is called a 

rhomb of Iceland spar, a solid bounded hy 
six equal and similar rhomboidal surfaces, 
whose sides are parallel, and whose angles 
B A C, A C D are 101° 55' and 78° 5'. The 
inclination of any face A B C D to any of 
the adjacent faces that meet at A is 105° 5', 
and to any of the adjacent &ces that meet 
at X 74° 55'. The line A X, called the 
axis qfthe rhomb or of the crystal, is equally inclined to each 
of the six faces at an angle d 45° 23'. The angle between 
any of the three edges, BA, CA, EA, that meet at A, or of 
the three that meet at X, and the axis A X is 66° 44' 46", and 
the angle between any of the six edges and the faces is 113° 
15' 14" and 66° 44' 46". 

(90.) Iceland spar is very transparent, and generally color- 
less. Its natural faces, when it is split, are commonly even 
and perfectly polished ; but when they are not so, we may, by 
a new cleavage, replace the imperfect fece by a better one, or 
we may grind and poli^ any imperfect face. 

Havmg procured a rhomb of Iceland spar like that in the 
figure, with smooth and well polished faces, and so large that 
one of the edges A B is at least an inch long, place one of 
its faces upon a sheet of paper, having a black line MN 
drawn upon it, as shown in fig. 71. If we then look through 
the upper surface of the rhomb with the eye about R, we 
shall probably see the line M N double ; but if it is not, 
it will become double by turning the crystal a little round. 
Two lines, M N, mn, will then be distinctly visible ; and 
upon turning the crystal round, preserving the same side 
always upon the paper, the two lines will coincide with one 
another, and appear to form one at two opposite points during 
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a whole revolution of the crystal ; and at two other opposite 
points, nearly at right angles to the former, the lines will be 
at their greatest distance. If we place a hlack spot at O, or 
a luminous aperture, such as a pin-hole in a wafer, with light 
passing through the hole, the spot or aperture will appear 

^.71. 




(ouble, as at O and E ; and by turning the crystal round av 
before, the two images will be seen separate in all poations ; 
the one, E, revolving, as it were, round the other, O. 

Let a ray or pencil of light, R r, fall upon the surfiice of 
the rhomb at r, it will be refracted by the action of the sur- 
face into two pencils, r O, r E, each of which, being again 
refracted at the second surface at the points O, E, wul move 
'ta the directions O o, fj 6, parallel to one another and to the 
incident ray R r. The ray R r has therefore been doMy re^ 
frdcted by the rhomb. 

If we now examine and measure the angle of refraction of 
the ray r O corresponding to different angk^s of incidence, we 
shall find that, at (P of incidence, or a perpendicular inci- 
dence, it Bufiers no refraction, but moves straight through the 
crystal in one unbroken line ; that at all other angles of inci- 
dence the sine of the angle of refraction is to that c^ inci- 
dence as 1 to 1-654 ; and that the refracted ray is always in 
the same plane as liiat of the incident ray. Hence it is ob- 
vious that the ray r O is refracted according to the ordinary 
law of refraction, which we have already explained. If we 
now ejcamine in the same way the ray r E, we shall find that, 
ai a perpendicular incidence, or one of 0^, the angle of re- 
fraction, in place of being 0°, is actually 6° 12' ; that at other 
incidences the angle of refraction is not such as to follow the 
constant ratio of the sines ; and, what is still more extraordi- 
nary, that the refracted ray r E is bent to one side, and lies 
entu-ely out of the plane of incidence. Hence it follows that 
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the pencil r £ is refracted according to some new and extra- 
ordinary law of refraction. The ray r O is therefore called 
the ordinary ray, and r E the extraordinartf ray. 

If we cause the ray R r to be incident m various di^rent 
directions! either on the natural fiices of the rhomb or on 
faces cut and polished artificially, we shall find that in Iceland 
spar there is one direction, namely, A X, along which, if the 
refracted pencil passes, it is not refracted into two pencils, or 
does not suffer double refraction. In other crystals there are 
two such directions, fi>rming an angle with each other. In the 
former case the crystal is said to have one axis of double re- 
fraction, and in the latter case two axes of double refraction. 
These lines are called axes of double refraction, because the 
phenomena 4ire related to these lines. In some bodies there 
are certain planes, along which, if the refracted ray passes, it 
experiences no double refraction. 

An axis of double refraction, however, is not, like the axis 
of the earth, a Jixed line within the rhoilib or crystal. It is 
only a fixed direction : for if we divide, as we can do, the 
rhomb ABC, fig, 70., into two or more rhombs, each of these ' 
separate rhombs will have their axes of double refraction; but 
when these rhombs are again put together, their axes will be 
all parallel to A X. Every line, therefore, within the rhomb 
parallel to A X, is an axis of double refraction ; but as these 
lines have all one and the same direction in space, the crystal 
is still said to have only one axis of double refraction. 

In making experiments with difierent crystals, it is found 
that in some the extraordinary ray is refracted towards the 
axis A X, while in others it is refracted from the axis A X. 
In the first case the axis is called a positive axis of double 
refraction^ and in the second case a negative axis of double 
refraction. 

On Crystals with one Axis of Double Refraction, 

(91.) In examining the phenomena of double refiraction in 
a great number ef crystallized bodies, I found that all those 
cnrstals whose primitive or simplest form had only give axis 
of^ figure, or one pre-eminent line round which the figure was 
svmmetrical, had also one axis of double refraction ; and that 
their axis of figure was also the axis of double refraction. The 
primitive forms which possess this property are as follows :-^ 

The rhomb with an obtuse summit 

The rhomb with an acute summit 

The regular hexahedral prism. 

The octohedron with a square base. 

The right prism with a square base. ^ 



EBFBACnON. 




1^ JtKomi witk obttue sammit, fig. 7Z. 
— Carbonate cf lime (Iceland 

— Carbonate of lime am] iron. 
---Carbawte of Hiii« snd mag- 



-^pboepbatfrarseniate of lead. 
— Carbimate of zinc 
— Nitrate of Boda. 



— PhospjMte cS letA. 
— Euby silver, 

— Tonrmaline. 
— Hubellite. 
— Alum aloae. 
— Dioptase. 
— Quartz. 



2. AAoffli with acute sammit, fig. 73. 
I — Cinnabar. 

— Sapphire. — ArseDiate of copper. 

—Ruby. j ^^ 

3. Regvhir Hexahedral Prifn, fig. 74. 
— Emerald. I — Nepbeiine. 

— BeryL — Araeniate of lead. 

— Phosphate of lime (apatite). | ^Hydrate of magnesia. 

4. Octohedron with a tquare base, fig. 75. 
+ Zircon. I — Molybdate of lead. 

+ Oxide of tin. — Octohedrite. 

-I- Tui^Btate of time. — PnuBiate rf potaafa. 

— Melfite. I — Cyanide of mercary. 
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5. Right Priam toith a nquare bate. Jig. 76. 



— Idocrase. 

— Wernerite. 
— Paranthine. 
— Meionite. 
— Somervillite. 



— Sulphate of nickel and c(^ 

— Hydrate of Htnmtta. 

+ApophrlIile of vrtoe. 

+ Oiahverite. 

4- Superacetate of copper and 

+ Titanite. 

■flee (certain crystals). 



— Arseniate of potash. 
— Sub-pbospha.te of potash. 
— Pho^riute of ammonia an 

nmgnesiB. 

In sll the precedmg crystals, and in the primitiTe tonus to 
which they beloog, the line A X is the axis of figure and of 
douhle refraction, or the only direction along wluch tliere is 
no double refraction. 

On the Lata iff DotMe Reaction in Cryitalt mth'mte 

Negative Axis. f ' 

(63.) In order to give a ftmiliar explanation ot the law of 
fig. Ti. double refraction, let us suppose 

that a rhomb of Iceland spar is 
turned in a lathe to the form of 
a sphere, aa ehown in ^g. 77., 
A X beings the axis of both the 
rhomb and the sphere. 

If we now make a ray pass along 

the aris A X, after grbding or 

polishing' a small flat surface at 

A and X, perpendicular to A X we £all find that there is no 

double refraction ; the ordinary and extraordinary ray forming 

a single ray. Hence, 

The index of refraction along ) l'K4 lor ordinary ray. 
the axis A X will be - J 1-654 for extraordinary ray 

0000 difference. 
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If we do the same at any point, «, about 45^ fixim the axis, 
we shaU have 

The index of refraction along the line ^ 1*654 for ordinarv ray. 
R a 6 O, which is nearly perpen- > 1*572 for extnunrdinary 
^dicnlar to the fkce of the rhomb, ) ray. 

0.062 difference. 

If we do the same at any point of the equator C D, in- 
clined 90^ to the axis, we shall have 

The index of redaction per- } 1<654 for ordinary ray. 
pendicular to the axis, ) 1.483 for extraorainary ray. 

0*171 difference. 

Hence it follows that the index of extraordinary refraction 
decreases from the axis A X to the equator C D, or to a line 
perpendicular to the axis, where it is the least The 
mdex of extraordinary re&action is the same at all equal 
angles with the axis AX; and hence, in every part of a cir- 
cle described on the surface of the sphere round the pole A or 
X, the index of extraordinary refraction has the same value, 
and consequently the double refraction or separation of the 
rays will be the same. In crystals, therefore, with one axis 
of double refraction, the lines of equal double refraction are 
circles parallel to the equator or circle of greatest double 
refraction. 

The celebrated Huygens, to whom we owe the discovery 
of the law of double renraction in crystals with one axis, has 
given the following method of determining the index of ex- 
traordinarv refraction at any point of the sphere, when the 
ray of light is incident in a plane passing through the axis of 
the crystal AX: — 

Let it be required, for example, to determine the index of 
refinction for the extraordinary ray R a &, fig. 77., A % being 
the axis, and C D the equator of the crystal ; the ordinary 
index of refraction being known, and also the least extra- 
ordinary index of refraction, or that which takes place in the 
equator. In calcareous spar these numbers are 1*654 and 
1*483. From O set off in the lines O C, O D continued,*0 c, 
Odj 90 that OCorODis toOcorOJas j.^ is to jj^, 
or as *604 is to *674 ; and through the points A, c, X, <2, draw 
an ellipse, whose greater axis is c c2^ and whose lesser axis is 
A X. The radius O a of the ellipse will be what is called 
the reciprocal of the index of reflection at a; and as we can 
find O a, either by projecting the ellipse on a large scale, or 
by calculation, we have only to divide 1 by O a to have that 
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index. In the pressent c«^e O a is -636, and .^ is equal to 
1*572, the index required. 

As the index of eztrtiordinary refiraction thus found always 
diminishes from the pole A to the equator C D, and is always 
equal to the index of ordinary refraction minus another 
quantity depending on the difference between the radii of tile 
circle and those of the ellipse, the crystals in which this 
takes place may be properly said to have negative double 
refraction. 

In order to determine the ilirection ci the extraordinaiy 
refracted ray, when the plane of incidence is oblique to a 
plane passing through the axis, the process, either by projec- 
tion or calculation, is too troublesome to be given in an ele- 
mentary work. 

In every case the force which produces the double refrac- 
tion exerts itself as if it proceeded from the axi& 

Every plane passing through the axis is called a principal 
section of the crystal 

On the Law of Double Refraction in Crystals with one 

Positive Axis, 

(94.) Among the crystals best fitted for exhibiting the 

phenomena of positive double refraction is rock crystal or 

quartZf a mineral which is generally found in six-sided 

Fig. 78. prisms, like ^g, 78., terminated with six-sided pyra- 

A mids, £, F. 

If we now grind down the summits A and X, 
and replace them by faces well polished, and per- 
pendicular to the axis A X ; and if we transmit a 
ray through these faces, so that it may pass along 
the axis A X, we shall find that there is no double 
refraction, and that the index of refraction is as 
-^ follows: — 

Index of refraction along } 1*5484 for ordinary ray. 
the axis AX - - ^ 1*5484 for extraordinary ray 



1 



OODOO difi[erence. 

If we now transmit the ray perpendicularly through the 
pamllel faces E F, which are inclined 38^ 20' to the axis A X, 
the plane of its incidence passing through A X, we shall 
obtain the following results : — 

Index of refractioD perpe^ ^ ^.^^ ^ ^^ 

0*0060 difference. 
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In like manner, it will be found that when the ray passes 
perpendicularly through the fiices C D, perpendicular to the 
axis A X, the index of extraordinary refraction is the 
greatest, viz. 



zay. 





0*0098 difference. 

Hence it appears that in quartz the index of extraordinary 
refraction increases from the pole A to the equator C D, 
whereas it dimimsked in calcareous spar, and the eztraoidi* 
nary ray appears to be drawn to the axis. 

In this ease the variation of the index of extraordinary 
re&action will be represented by an ellipse, A c X cZ, whose 

greater axis coincides with the axis 
A X of double refraction, as in fig, 
79., and O C will be to Oc as j^^ 

is to ttW' ^ ^ "^^^ ^ ^ *^1^ 
By determinin|f, therefore, the radius 
Oa of the ellipse for any ray R&a, 
and dividing 1 by it, we shall have 
the index <n extraordinary refraction 
&st that ray. 

As the index of extraordinary refraction is always equal to 
the index of ordinary refraction, phu another quantity de- 
pending on the difference between the radii of the circle and 
the ellipse, the crystals in which this takes place may properly 
be said to have positive double refraction. 

On Crystals tnth two Axes ofDofMe Refraction, 

(95.) The great variety of crystals, whether they are 
mineral bodies or chemical substances, have two axes of 
double refraction, or two directions inclined to each other 
along which the double refraction is nothing. This prc^rty 
of possessing two axes of double refraction I discovered in 
1815, and I found that it belonged to all the crystals which 
are included in the prismatic system of Mohs, or whose 
primitive forms are, 

A right prism, base a rectangle. 

beae a rhomb. 

— — — — base an oblique parallelogram. 
Oblique priem, base a rectangle. 

. base a rhomb. 

— — — base an oblique parallelogram. 
Octohedron, Imum a rectangle 
' ' base a rhomb. 

M 
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In all these primitive forms there is not a ni^Js, pre-emi- 
nent line or axis about which the figure is symmetrical. 

The following is a list of some of the most important crys- 
tals, with their primitive forms according to Haiiy, and the 
inclination of the two lines or axes along which there is no 
double refiraetioa >^ 

Glaiiberite - - - 29 ot^ Oblique prism, baae*a rhomb. 

Nitrate of potash - 5^ 20^ Octohedron, base li rectangle, 

Arragonite - - - 18 18 Octohedron, base a rectangle. 

Sulphate of baryta - 37 42 Right ppsin, base a rectangle. 

Mica 45 Right prism, base a rectax^e* 

Solph-teofUme - flO j R^*^^,^^ - <*1^»- 

Topaz . ... 65 Octohedron, base a rectangle. 
Carbonate of potash 80 30 PriBmatic system of Mobs. 
Sulphate of iron - 90 Oblique prism, base a rhomb. 

In crystals with one axis of doable refraction, the axis has 
the same position whatever be the color of the ptocil of light 
which is used ; but in crystals with two axet^ the axes change 
their position according to the color of the light employed, so 
that the inclination of the two axes varies with differently 
colored ray& This discovery we owe to Mr. Herschel, who 
found that in tartrate qf potash and soda (Rochelle salts) 
the inclination of the axis for violet light was about 56^ 
while in red light it was about 76^. In other crystals, such 
as ntire,. the inclination of the axes for the violet rays m 
greater than for the red rays; but in every case the line 
joining the extremity of the axes for all the different rays is 
a straight line. 

In examining the properties of Glaitberite, I foand that it 
had {too axes for red light inclined about 5^ and only one 
axis for violet light. 

It was at first supposed that in crystals with two axes, one 
of the rays was refracted according to the ordinary law of the 
sines, and the other by an extraordmary law ; but Mr. Fresnel 
has shown that both the rays are refracted aoconding to laws 
of extraimlinary refraction. 

On Crystals toith innumerable Axes of Double Refraction, 

(96.) In the various douUjr refracting bodies hitherto men- 
tioned, the double refraction is related to one or more axes ; 
but I have found that in amdcime there are several planes, 
along which if the refracted ray passes, it will not suffer 
douUe refraction, however various be the direotions in which 
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it is incident Hence we may consider each of these planes 
as containing an infinite number of axes of double refraction, 
or rather lines in which there is no double refraction. When 
the ray is incident in any other direction, so that the refracted 
ray is not in one of these planes, it is divided into two rayg 
by double reiracti<m. No other substance has yet been feund 
possessing the same property. -f/- 

On Bodies to wihick Double Refraction may he communicated 
by Heat, rtyfdd CooHmg^, Preeeure, and Induration, 

(97.) If we te^e a cylinder of glass, C D, Jig. 80., and 
Fig, 80. having brought it to a red heat, roll it ak»n^ a plate 
of metal upon its cylindrical surface till it is cold, it 
will acquire a permanent douUy refracting struc- 
ture, and it will oecome a cylinder with one positive 
axis of double refraction, A X, coinciding with the 
axis of the cylinder, and aloi^ which there is no 
y J double refraction. This axis differs from that in 
1^ quartz, as it is a fixed line in the cylinder, while it 
is only a fixed direction in the quartz ; that is, an^* 
other line parallel to A X, Jig. 80., is not an axis of double 
tefiraction, but the double refraction along that line increases 
as it approaches the circumference of the cylinder. The 
double refraction is a maximum in the direction C D, being 
equal in every line perpendicular to the axis, and passing 
through it 

If^ instead of heating the glass cylinder, we had placed it 
in a vessel and surrounded it with boning oil &r bcnling water, 
it would have acquired the very same doubly refracting struc- 
ture when the heat had reached the axis A X ; but this struc- 
ture is only transient, as it disappears when the cylinder is 
unifi>rmly heated. 

IS we had heated the cylmder uniformly in boQinq^ oil, or at 
a fire, so as not to soften the glass, and had placed it in a cold 
fluid, it would have acquir^ a transient doubly refractinj^ 
structure as before, when the cooling had reached the axis 
A X ; but its axis d* double refiuction A X will now be a 
negative one, like that of calcareous spar. 

Analogous structures may be produced by pressure and by 
the induration of soft soHds, such as animal jellies, isinglass, &c. 
If the cylinder in the preceding explanation is not a circular 
one, but has its section perpendicular to the axis everywhere 
an ellipse in place of a cirde, it will have two axes of double 
refraction. 
In like manner, if we use rectangular plates of glass in- 
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Stead of cylinders in the preceding experiments, we shall have 
plates with two planes of double refraction ; a positive struc- 
ture being on one side of each plane, and a negative one on 
the other. 

If we use perfect spheres, there will be axes of double re- 
fraction along every diameter, and consequently an infinite 
number of them. 

The crystalline lenses of almost all animals, whether they 
are lenses, spheres, or spheroids, have one or more axes of 
double refraction. 

All these phenomena wiU be more fully explained when we 
treat of the colors produced by double remicti<HL 

On Substances wUh Circular Double Refraction, 

(96.) When we transmit a pencil of li^t along the axis 
A X, fig, 78., of a crystal of quartz, it suffers no double re- 
fracticm; but certain phenomena, which will be af^rwards 
described, are seen along this axis, which induced M. Fresnel 
to examine the light which passed along the axis. He found 
that it possessed a new kind of double refraction, and he dis' 
tinctly observed the refraction of the two pencils. This kind 
of double refraction has, from its properties, been called ctr- 
ctiZar; and it is divided into two kinds, — -positive or right- 
handed, and negative or left-handed. 

The following substances possess this remarkable prop- 
erty :— 

Positive Substances, Negative Substances. 

Rock crystal, certain speci- 
mens. 

Camphor. 

Oil of turpentine. 

Solution of camphor in al- 
cohol. 

Essential oil of laureL 

Vapor of turpentine. 

In examining this class of phenomena, I found that the 
amethyst possessed in the same crjrstal both the positive and 
the negative circular double refraction. This subject will be 
more fiiUy treated when we come to that of circular polar- 
ization.* 



Rock crystal, certain speci- 
mens. 
Concentrated syrup of sugar. 
Essential oil of lemon. 



* For the fnrmiilse referring to certain of the articles of this and of the 
subsequent chapter, see (in the College edition,) Appendix of Am. ad.. 
Chap. VI. 
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CHAP. XVffl. 

ON tta FOLARIZATIOII Of UOBT. 

£r iro tnnmita beam of tiie smV light titfodgh a dreukur 
aperture into a dark room, and if we reflect it ftom any amh 
tiilliBed or unerystallized body, or treaanit it through a thin 
lilaite of either <^ them, it wiU be reflected aiid transmitted in 
Ae Yery same manner and with the same intensity, whether 
the surmee of tiie body is held above or below tile benm, or on 
the right edde or left, or on any other ade of it, provided that 
in aU these cases it fidls upon the surfiu^ in the same manner ; 
or, what amounts to the same thmg, the beam d solar li^t 
fias the same properties on all its sides; and this is true, 
whether it is white light as directly emitted fiK>m the son, or 
whether it is red light, or light of any other color. 

The same property belong to Ught emitted fipom a candle, 
or any burning or self-lummous tody, and all such light is 
called flommon light A section of such a beam of light will 
be a cirde, like A C B D, Jig. 81., and we shall distinguish 

^,81. 




I3ie seodon of a beam of common light by a circle with two 
diameters^ A B^ C D, at rig^t aisles to each other. 

If we now allow the same beam of light to fidl upon a 
rhomb of Iceland spar, as in Jig, 71., and examine the two 
circular beams O o, E e, formed by double refia^tion, we shall 

And, 

1. That the beams O o, £ e, have diilferent propmiea on 
difierent sides; so that each of them differs, in this respect, 
ftom the beam of common light 

2. That the beam O o differs ftom E e in nothing, excepting 
that the former has the same properties at the sides A' and B' 
that the latter has at the sides C and D', as shown in JSg. 81. ; 
or, in genend, that the diameters of the beam, at the extremi- 
ties of which the beam has similar properties, are at right 
angles to each other, as A' B' and C D', ror example. 

M2 
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These two beams, O o, E e, fig. 81., aie therefore said to 
be pciarized, or to be beams of polarized light, because they 
have sides or poles of difibrent properties ; tmd planes passing 
through the lines A fi, C D, or A' B', C D', are said to be the 
planes of polarization of each beam, because they have the 
same property, and one which no other plane passmg through 
the b^m possessea 

Now, it is a curious fact, that if we cause the two polarized 
beams O o, E e to be united into one, or if we produce them 
by a thin plate of Iceland spar, which is not capable of separ 
rating them, we obtain a beam which has exactly the same 
properties as liie benun A B C D of cemmon light 

Hence we infer, that a beam of common light, A B C D, 
consists of two beams of polarized light, whose phmes of po- 
larization, or whose diameters of similar properties, are at 
ri^ht angles to one another. If O o is laid upon E e, it 
will produce a figure like A B C D, and we, therefore, re» 
present common light by such a figure. If we place O o 
above E 6, so that the planes cS polarization A' B' and Q' D' 
coincide, then we shall have a beam of polarized light twice 
as luminous as either Oo or Ee, and possessing exactly 
the same properties ; for the lines of similar property in the 
one beam coincide with the lines of similar property in the 
other. 

Hence it follows that there are three ways of converting a 
beam of common light, A B C D, into a beani or beams of po- 
larized light 

1. We may separate the beam of common light, A B C D, 
into its two component parts, O o and E e. 

2. We may turn round the planes of polarization, A B, C D, 
till they coincide or are parallel to each other. Or, 

3. We may absorb or stop one of the b^ms, and leave the 
other, which will consequently be in a state of polarization. 

The first of these methods of producing polarized light is 
that in which we employ a doubly refracting crystal, which 
we shall now consider. 

On the Polarization of Light by Double Refraction. 

(99.) When a beam of light suflers deuUe refinction by 
a negiaive crystal, as Iceland sport fig' 71., where the ray 
R r is incident in the plane of the principal section, or, what 
is the same thing, in a plane passing through the axis, the two 
pencils r O, r £ are each polarized ; the plane of polarization 
of the ordinary ray, r O, coinciding with the priDcipal section, 
and the plane of polarization of the extraordinary ray, r E, bemg 
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«t right angifis fo the principal sectioB. In fig. 82^ if D be 
made to denote a section of the mrdinarr beam r O, fig. 71., E, 
the diameter of which is drawn tit right angles to tbat of O, 
will represent a section of the extraordinary beam r £. 



Fig,&L 



Fig.&. 







If the beam of light R r is incident upon a poritive crjri^, 
hke quattZf O offiff. 88., will be the symbol <£ the ordmary 
ray, and E that of uie extraordinary ray. 

The phenomena which arise from this opposite polarization 
of the two pencils may be well seen in Iceland spar. For this 
purpose let A r X be the principal section of a riiomb of Ice- 
land spar, fig^ 84, throng^ the axis A X, and perpendiculai 
to one of the &ces, and let A' F X' be a similar section of an- 
other rhomb, all the lines of the one being parallel to all the 
lines of the other. A ray of light, R r, incident perpendicu- 
larly at r, will be divided into two pencils ; an c^inary one, 
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r D, and an extraordinary one, r C. The ordinary ray ^ing 
on the second crystal at G, again sufiers ordinary refraction, 
and emei^es at K an ordinary ray, O o, represented by the 
STmbol O, fig, 82. In like manner the extraordinary ray, r C, 
nlling on tixe second crystal at F, again suffers extraorainary 
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i«fiHctk)ii, and ennerges at H an eztntQitinaiy ny, E«, repre- 
sented Irf £, fig, 82. l^ese reeolts are exactly the same as ^the 
two crystals had formed a single crystal by being united at their 
sui^cesC X, A' Qt, either by natu^ coheinon or by a cement 

Let the upper crystal A A now remain fixed, with the same 
ray R r fiilliilg upon it, and let the second crystal A' X' be 
turned round 90^, so that its principal section is perpendicular 
to that of ti^e upper one, as shown in Jig, 85. ; tiben the ray 
r D ordinarily refracted by the first rhomb will be extraordi- 
narily redacted hj the second, and the ray r C extraordinarily 
rdbicted by the first rhomb will be ordinarily refracted by the 
second. 

The peneila or images fcrmed from the ray R r, in the two 
positions shown in figs, 84. and 85., may be thus described aa 
marked in the figures : — 
O is the pencil refracted ordinarily by the first ihomb. 
E is t^e pencil refracted extraordwdinly by the first rhombu 
o is the pencil redacted ordijMrUy by the secmtd rhomb. 
e is the pencil refracted extraordinarily by the seo(md 
rhomb. 

O o is the pencil refracted ordinarily by both rhombs ia 
^^.84. 

E e is the pencil re&acted extraordinarily by both rhombs 
in fig. 84. 

O e is the pencil refiracted ordinarily by the first, and eX' 
traordinarily by the second rhomb in ^g. 85. 

E o is the pencil refiracted extraordinarily by the first, and 
ordinarily by the second rhomb in fig. 85. 

In both the cases shown in figs, 84. and 85., when the 
planes of the principal sections of the two rhombs are either 
parallel, as in fig. 84., or perpendicular to each other, as in 
fig. 85., the lower rhomb is not capable of dividing into two 
any of the pencils which faJl upon it ; but in every other po- 
sition between the parallelism and the perpendicularity of the 
principal sections, each of the pencils formed by the first 
rhomb will be divided into two by the second. 

In order to explain the appearances in all intermediate po- 
sitions, let us suppose that uie ray R r proceeds from a round 
aperture, like one of the circles at A, fig. 86., and that the 
eye is placed behind the two rhombs at H K,^. 84., so as to see 
the images of this aperture. Let the two images shown at A, fig, 
86., be the appearance of the aperture at R, seen through one of 
the rhombs by an eye placed behind C D^fig. 84., then B,fig. 86., 
will represent the images seen through the two rhombs in the 
position in fig. 84., their distance being doubled, from suflfering 
the same'quantity of double refraction twice. If we now turn 
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the oecood rhombs or that nearest the eye, from left to right, 
two faint images will appear, as at C, between the two bright 
ones^ which will now be a little fainter. By continuing to 

Fig, 80. 
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tuin,>the four images will be all equally lominoua, as at D ; 
they will next appear as at E ; and when the second rhomb 
itas moved round 909, as in ^« 85., there will be only two 
images of equal braghtBess, as at F. Continuing to turn the 
second rhomb, two fiiint images will aopear, as at G; by a 
&rther rotation, thev will te all equally bright, as at H ; 
fiirther on they will become unequal, as at I ; and at 180^ of 
revolution, when the planes of the principal section are again 
parallel, luid the axes A X, A' X' at right angles nearly to 
each othec, all the images will coalesce into one bright image, 
as at K, having double the brightness of either of those at A, 
B, or F, and jR>ur times the brightness of any one of the four 
at D and H. 

If we. now follow any one of the images A, B from the po* 
mtion in Jig» 84, where the principal sections are inclined 0^ 
tfi one anouec, to the position in^^. 85.« where it disappears 
at F, we shall find that its brightness diminishes as the square 
of the cosine of the angle formed by the principal secticms, 
while the brightness of any image, from its i^pearance be- 
tween B and U, fig. 86., to its greatest brightness at F, in- 
creases as the square dT the sine of the same an^le. 

By cQBsiderinff the preceding phenomena it will appear, 
that whenever me plane of polanzation of a polarized ray, 
whether ordinary or extraordiiiary, coincides witn or is parallel 
to the principal section, the ray will be refracted wdmanLy; 
and whenever the plane of polarization is perpendicular to 
the principal section, it will be refracted extraordinarily. In 
ail intermediate positions it will suffer both kinds of refraetioD, 
and will be doubly refracted ; the ordinary pencil being the 
brightest if the plane of polarization is nearer the position of 
parallelism than that of perpendicularity, and the extraordi- 
nary pencil the brightest if the plane of polarization is nearer 
the position of perpendicularity than that of parallelism. At 
equal distances from both these positions, the ordinary and ex- 
traordinary images are equally bright 
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(100.) It does not appear from the preeeding experimenti 
that the polarization of the two pencils is the e&ct of any po- 
larizing fi>rce resident in the Iceland spar, or of any coBiXige 
produced upon the light The Iceland spar has merely sepa- 
rated the common light into its two elements, according to a 
different law, in the same manner as a prism separates all 
the -seveB oolors <^ the speetrum ham the compraind white 
beam by its power of refracting these element»y colors in 
difierent de^eea The re-^mion of the two oppositely po- 
larized pencils produces common light, in the same maimer as 
the re-union of all the seven colors produces white light 

The method of producing polarized light by double refiae* 
tion is of all others the best, as we can procure by this means 
from a given pencil of light a stronger polarized beam than ia 
any other way. TTirou^ a thickness of three inches of Ic^ 
land spar we can obtain two separate beams of polarized light 
on« third of an inch in diameter ; and each of these bei^ 
contains half the light ci the original beam, excepting the 
smali quantity of li^t lost by reflexion and absorption. By 
sticking a black waibr on the spar opposite either of these 
beams, we can procure a polarized beam with its plane of po* 
larization either iu the principal section or at right angles to 
it In all experiments on this subject, the reader should re» 
collect that every beam of polarized light, whether it is pro- 
duced by the orainary or the extraoidinary refraction, or by 
positive or n^ative crystals, has always tl>e same prop^ties^ 
provided the pfime of its polarization has the same direction. 



CaaAP. XEX.* 

OM THE POLARIZATION OP XIOBT BT RKPLEXION. 

(101.) In the year 1810, the celebrated French philosopher 
M. Malus, while looking through a prism of calcareous spar 
at the light of the settmj^ son reflected from the windows oi 
the Luxembourg palace m Paris, was led to the curious dick 
oovery, that a beam of light reflected from glass at an angle 
of 56°, or from water at an angle of 53°, poseessed the very 
same properties as one of the rays formed by a rhomb of cal 
eareous spar ; that is, that it was wholly polarized, having its 
plane of polarization coincident \yith or parallel to the plane 
of reflexion. 

* For the forrnuls relating t^ tbif chapter, see (in the College edition,) 
Appendijc of Am. ed., Chap. VI. ' 



CHAP« XIX. POLABIZATION BY BXFUBXION. 148 

This most curious and important &et, which he found to be 
true when the hght was reflected from all other transparent 
or opaque bodies, ezceptin|f metals, gave birth to all those dis- 
coveries which have, in our own day, rendered this branch of 
knowledg^e one of the most interesting, as well as one of the 
most pemct, of the physical sciences. 

In order to explain this and the other discoveries of Malus^ 
let CD, Jig. 87., be a tube of brasB or wood, having at one end 
of it a plate of glassy A, not quicksilvered, and capable of 




turning round an axis, so that it may fann dif^nt ang^Iea 
with the axis of the tube. Let D G be a similar tube a httle 
smaller than the other, and carrying a similar plate of ^lass BL 
If the tube D G is pushed into C D, we may, by tummg the 
one or the other round, place the two glass plates in any po 
fldtion in relation to one another. 

Let a beam of light, R r, from a candle or a hole in the 
window-ahutter, &11 upon the glass plate A, at an angle of 56^ 
45' ; and let the glass be so placed that the reflected ray r » 
may pass along the axis of the two tubes, and &11 upon the 
second plate of glass B at the point «. If the ray r s fidle 
upcm the second plate B at an angle of 56^ 45' also, and if the 
plane of reflexion firom this plate, or the plane passing through 
s £ and « r, is at right angles to the plane of reflexion from 
the firat plate, or the pkne passing through r R, r «, the ray r « 
will not suffer reflexion from B, or wm be so fiiint as to be 
scarcely visible. The veir same thing will happen if r « is a 
cay pdarized by double renraction, and having its plane of po- 
larization in the plane passing through r R, r 9. Here then 
we have a new property or test of polarized light, — ^that it 
will not sufier reflexion Jrom a plate of glass B, when incident 
at an angle of 56° 45', and when the pluie of incidence or re- 
flexion is at right angles to the plane of polarization of the 
ray. If we now turn round the tube D Gr with the plate B> 
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without moving the tube C D, the last reflected ray s E will 
become brighter and brighter till the tube has been turned 
round 90°, when the plane of reflexion from B is coincident 
with or parallel to that from A. In this position the reflected 
ray * E is brightest. By continuing to turn the tube D G, the 
ray s E becomes Winter and fidnter, till, after being turned 90° 
farther, the ray « E is fliintest, or nearly vanishes, which hap- 
pens when the plane of reflexion from B is perpendicular to 
that from A. After a farther rotation of 90°, the ray s E will 
recover its greatest brightness ; and when, by a still farther 
rotation of 9^°, the tube D G and plate B are brought back into 
their first position, the ray s E will again disappear. These 
effects may be arranged in a table, as follows : — 



lacUnatjon Of the plaiwa of iha two nflcxlona, or the 
phnwBr* —Ir • K, or MiiaptlM Of tb« plmw r«1i. 



90O 

At angles between 90O and 180O 

180O . . 

At angles between 180o and 270o 

270O 

At angles between 270O and 360o 

3B(K>orOo 

At angles between Qo and 90o. . 
9(K> 



state of McbUiaM of the image or my $ X leflcoted 
from the eeeond j>late B.- 



ScarceljT visible 

The i mage grows brighter and brigliter 

Brightest 

The image grows fainter and fainter 

Scarcely visible 

The image grows brighter and brighter 

Brightest 

The image grows fainter and fainter 

Scarcely visible 



If we now substitute in place of the ray r s one of the po- 
larized rays or beams formed by Iceland spar, so that its plane 
of polarization is in the plane R r s, it will experience the 
very same changes as the ray R r does when polarized by re- 
flexion from A at an angle of 56° 45'. Hence it is manifest, 
that a ray reflected at 56° 45' from glass has all the properties 
of polarized light as produced by double refraction. 

(102.) In the preceding observations, the ray R r is sup- 
posed to be reflected only from the first surface of the glass ; 
but Malus found that the light reflected from the second sur- 
&ce of the glass was polarized at the same time with that re- 
flected fh)m the first, although it obviously suffers reflexion at 
a different angle, viz. at an angle equal to the angle of refrac- 
tion at the first sur&ce. 

The angle of 56° 45', at which light is polarized by re- 
flexion from glass, is called its maximum polarizing angle, be- 
cause the greatest quantity of light is polarized at that angle. 
When the light was reflected at angles greater or less tSan 
56° 45', Malus found that a portion of it only was polarized, 
the remaining portion possessing all the properties of common 
light The polarized portion diminished as the angle of inci- 
dence receded on either side from 56° 45', and was nothing at 
0°, or a perpendicular incidence, and also nothing at 90^, or 
the most oblique incidence. 
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In continuing his experiments on this subject. Mains found 
that the ansle of maximum polarizaticm varied with different 
bodies ; an^ after measuring it in various substances, he con- 
cluded that it follows neither the order of the refractwe 
powers nor that of the dispersive powers^ but that it is a prop' 
erty of bodies independent of the other modes of action which 
they exercise upon liglU. After he had determined the angles 
ander vtrhich complete p(^arizatiQn takes place in different 
bodies, such as glass and water, he endeavored to ascertain the 
angle at which it took place at their separating surfaces when 
they were put in contact In this inquiry, however, he did 
not succeed; and he remarks, *Hhat the law according to 
which this last angle depends on the first two remains to be 
determined." 

If a pencil or beam of light reflected at the maximum po- 
larizing angle from glass awl other bodies were as completely 
polarized as a pencil polarized by double refraction, then the 
two pencils would have been equally invisible when reflected 
from the second plate, B, at the azunuths 90° and 270^ ; but 
P% this is not the case : the pencil polarized by double refraction 

vanishes entirely when it passes through a second rhomb, even 
if it is a beam of the sun's direct light ; whereas the pencil 
polarized by reflexion vanishes only if its light is faint, and if 
the plates A and B have a low dispersive power. When the 
sun^s light is used, there is a large quantity of unpolarized 
light, and this unpolarized light is greatly increased when the 
plat^ A and B have a high dispersive power. This curious 
and most important fact was not observed by Mains. 

A very pleasing and instructive variation of the general ex- 
periment shown in Jig. 87. occurred to me in examining this 
subject I^ when the plates of glass A and B have the position 
shown in the figure where the luminous body firom which the ray 
s £ proceeds is invisible, we breathe gently upon the plate B, 
the ray s £ will be recovered, and me luminous body from 
which it proceeds will be instantly visible. The cause of this 
is obvious : a thin film of water is deposited upon the glass by 
breathing, and as water polarizes light at an angle o[ about 
53° 11', the glass B should have been inclined at an angle of 
63° 11' to the ray rs,in order to be incapable of reflecting the 
polarized ray ;* but as it is inclined 56° 45' to the incident ray 
r Sf it has the power of reflecting a portion of the ray r s. 

If the glass B is now placed at an angle of 53° 11' to the 
ray r », it will then reflect a portion of the polarized ray r » to 
■■ ■ - 

* We negleet tbe consideration of the separating surfkce of tbe water 
and glass, and suppotfe the glass B to be opaque. 

N 
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the eye at £; but if we breathe upon the glass B, the re- 
flected li^t will disappear, because the reflecting surfiice is 
now water, and is placed at an angle of 53° 11', the polarizing 
angle for water. If therefore we place two glass plates at B, 
the one inclined 56° 45', and the other 53° 11', to the beam 
r 8, sufficiently large to fail upon both, the luminous object 
will be visible in the one but not in the other ; but if w6 
breathe upon the two plates, we shall exhibit the paradox of 
reviving an invi^ble image, and extinguishing a visible one 
bv the same breath. This experiment will be more striking 
if the ray rs is polarized by double refraction. 

On the Law of the Polarization , of Light by Reflexion, 

(163.) From a very extensive series of experiments made 
to determine the maximum polarizing angles of various bodies^ 
both solid and fluid, I was led, in 1814, to the following simple 
law of the phenomena :— 

The index of refraction is the tangent of the angle of po^ 
larizfUion. 

In order to explain this law, and to show how to find the 
polarizing angle for any body whose index of refiuction is 
known, let M N be the sur&ce of any transparent body, such 
as water. From any point, r, draw r A perpendicular to M N, 
Fig. 88. fig. 68., and round r as a centre de- 

scribe a circle, M A N D. From A 
draw A F, touching the circle at A, 
and from any scale on which A r is 1 
or 10 set off A F equal to 1-336 or 
13*36, the index of retraction for water. 
From F draw F r, which will be the 
incident ray that will be polarized by 
reflexion from the water in the direc- 
tion r S. The angle A r R will be 
63° 11', or the angle of maximum polarization for water. 
This angle may be obtaiued more readily by looking for 1*336 
in the column of natural tangents in a book of lo^ithras, 
and there will be found opposite to it the correspondmg angle 
of 53° 11'. If we calculate the angle of refraction T r D, 
corresponding to the angle of incidence A r R, or detertnine 
it by projection, we G^all find it to be 36° 49'. 

From the preceding law we may draw the following con- 
clusions : — 

1. The maximum polarizing angle, for all substances what- 
ever, is the complement of the angle of refraction. Thus, in 
water, the complement of 36° 4^ is 53° 11', the polarizing 
angle. 
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2. At the polarizixij^ an^le, the sum of the angles of inci- 
dence and reRBCticm is a right angle, or 90°. Thus, in water, 
the angle of incidence is 53^ 11', anH that of refiaction 9dP 
49', and their sum is 90°. 

3. When a ray of light, R r, is polarized by reflexion, the re- 
flected ray, r S, forms a riffht angle with the refracted ray, r T. 

When light is reflectea at the second sur&ce of bodies, the 
law of poluization is as follows: — 

The index of refraction is the cotangent of the angle of 
polarization. 

In order to determine the an^le in this case, let M N be the 
second surface g£ any body such as water. From r draw r A 
Fig.&9. perpendicular to M N, fig^'^, and 

round r describe the circle M A N D. 
From A draw A F, touching the circle 
at A, and upon a scale in which r N is 1 
take A F equal to *7485, that is to j-hv 




the reciprocal of the index of refraction,^ 
and from F draw F r ; the ray R r will be 
polarized when reflected in the direction 
rS. The maximum polarizing angle 
A r R will be 36° 49', exactly equal to 
the angle of refraction of the first surface. Hence it follows, 

1. That the polarizing angle at the second sur&ce of bodies 
is equal to the complement of the polarizing angle at the first, 
or to the angle of refraction at the first surfiice. The reason 
is, therefore, obvious why the portions of a beam of light re- 
flected at the first and second surfaces of a transparent parallel 
plate are simultaneously polarized. 

2. That the angle which the reflected ray r S forms with 
the refiracted ray r T is a ri^t angle. 

The laws of polarization now explained are applicable to 
the separating sur&ces of two media of diflTerent refractive 
powers. If the uppermost fluid is water, and the undermost 
^lass, then the index of refraction of their separating surfiice 
IS equal to j.^, to the greater index divided by the leaser, 
.which is l*14i5. By using this index it will be found that the 
polarizing angle is 48° 47'. 

When the ray moves from the less refractive substance 
into the greater, as from water to glass, as in the preceding 
case, we must make use of the law and the method above ex- 
plained for the Jirst sur&ce of bodies; but when the ray 
moves from the greater refractive body into the less, as firom 
oil of cassia to ^ass, We must use the law and method for the 
second surfiice of bodies. 

*Tbe tangent of an angle to radius 1, is the reciprocal of the cotangent. 
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If we lay a parallel stratum of water upon glass whose 
index of renaction is 1*506, the ray reflected from the refraet* 
ing surfaces will be polarized when the angle of incidence 
upon the first surface of the water is 90° 

(104.) The preceding observations are all applicable to 
white light, or to the most Ituninous rays of the spectrum ; 
but, as every different color has a different index of refraction, 
the law enables us to determine the an^Ie of polarization for 
every different color, as in the followmg table, where it is 
supposed that the most luminous ray of the spectrum is the 
mean one: — 



Water 



Red rays 



Mean rays 

Violet rays 

V Red rays 

Pl4TK Glass < Mean rays 

f Violet rays 

i Red rays 

Oil of Cassia < Mean rays 

f Violet rays 



Index or 

tioa. 



1-330 
1-336 
1-342 
1-515 
1-525 
1-535 
1-597 
1-642 
1-687 



Kiximom 

ABglB. 



53° 4' 

53 11 

53 19 

56 34 

56 45 

56 55 

57 57 

58 40 

59 21 



DiflBnoee twtween 
the frateat mH 

kttrt Botarixliig 
Amlf. 



15' 



21' 



P24' 



The circumstance of the different rays of the spectrum 
being polarized at different angles, enables us to explain the 
existence of unpolarized light at the maximum polarizing 
angle, or why the ray s E, in Jig, 87., never wholly vanishes. 
If we were to use red light, and set the two plates at angles of 
56° 34', the polarizing angle of glass for red %ht, then the pen- 
cil s E would vanish entirely. But when the light is tDhite, and 
the angle at which the plates are set is 56° 45', or that which 
belongs to mean or yellow rays, then it is only the yeUow rays 
that will vanish in Ihe pencil sE, A small portion oired and 
a small portion of violet will be reflected, because the glasses 
are not set at their polarizing angles; and the mixture of 
these two colors will produce a purple color, which will be 
that of the unpolarized light which remains in the pencil s E.. 
If we place the plates at the angle belonging to the red ray, 
then the red only will vanish, and the color of the unpo- 
larized light will be bluish ^een. If we place the plates at 
the angle corresponding with the blue light, then the blue 
only will vanish, and the unpolarized light will be of a reddish 
cast In oU ojf cctssia, diamond^ ckromate of kad, realgar, 
specular irony and other highly dispersive substances, the coloi 
of the unpolarized light is extremely brilliant and beautiful 

Certain doubly refracting crystals, such as Iceland spar 
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ebramate qf lead^ &c., have different polarizuig angles on dif- 
ferent surfaces, and in different directions on the same sur- 
&ce ; but there is always one direction where the polariza- 
tion is not affected bv the doubly refracting force, or where 
the tangent of the polarizing angle is equal to the index of 
ordinary refraction. 

On the partial Polarization qf Light by Reflexion. 

(105.) It, in the apparatus in fig, 87., we make the ray R r 
ML upon the plate A at an angle greater or less than 56^ 45', 
then the ray s E will not vanish entirely ; but, as a consider- 
able part of it will vanish like polarized light, Malus called it 
partially polarized light, and considered it as composed of a 
portion of light perfectly polarized, and of another portion in 
the state of common light He found the quantity of polar- 
ized li^ht to diminish as the angle of incidence receded from 
that 01 maximum polarization. 

M. fiiot and M. Arago also maintained that partially polar- 
ized light consisted piutly of polarized and partly of common 
light ; and the latter announced that, at regular angular dis- 
tuices above and below the maximum polarizing angle, the 
reflected pencil contained the same proportion of polarized 
light In St, Gobin^s glass he found that the same proportion 
of light was polarized at an angle of incidence of 82° 48' as 
at 24° 18' ; in water he found that the same proportion was 
polarized at 16° 12' as at 86° 31' ; but he remarks, '' that the 
mathematical law which connects the value of the quantity of 
polarized light with the angle of incidence and the refiuctive 
power of the body has not yet been discovered.** 

In the investigation of this subject, I found that though 
there was only one an^le at which liffht could be completely 
polarized by one reflexion, yet it might be polarized at any 
ingle of incidence by a strident number of rejlexions, as 
flhown in the following Table. 
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In polarizing light by successive reflexions, it is hot neces< 
sary that the reflexions be performed at the same angle. 
Some of them may be above and some below the polarizing 
angle, or all the reflexions may be performed at different 
angles. 

From the preceding facts it follows as a necessary conse- 
quence, that partially polarized li^t, or light reflected at an 
angle different from the polarizing angle, has suffered a physi- 
cal change, which enables it to be more easily polarized b^ a 
subsequent reflexion. The light, for example, which remains 
unpolarized after five reflexions at 70°, in place of being com- 
mon light, has suffered such a physical change that it is capa- 
ble of being completely polarized by one reflexion more at 70^. 

This view of ihe subject has been rejected by M. Arago, as 
incompatible with experiments and speculations of his own ; 
and, in estimating the value of the two opinions, Mr. Herschel 
has rejected mine as the least probable. It will be seen, how- 
ever, Rom the following facts, that it is capable of the most 
rigorous demonstration. 

It does not appear, &om the preceding inquiries, how a beam 
of common light is converted into polarized light by reflexion. 
By a series of experiments made in 1829, 1 have been able to 
remove this difficulty. It has been long known that a polar- 
ized beam of light has its plane of polarization changed by re- 
flexion from bodies. If its plane is inclined 45° to the plane 
of reflexion, its inclination will be diminished by a reflexion at 
80°, still more by one at 70°, still more by one at 60° ; and at 
the pdarizing angle the plane of the polarized ray will be in 
the plane of reflexion, the inclination commencing again ai 
reflexions above the polarizing an^le, and increasing till at 0^, 
or a perpendicular incidence, the inclination is again 45°.* 1 
now conceived a beam of common light, constituted as in Jig, 
81., to be incfdent on a reflecting surface, so that the plane of 
reflexion bisected the angle of 90° which the two planes of 
polarization, A B, C D, formed with each other, as shown in 
Jig. 90., No. 1., where M N is the plane of reflexion, and 
A B, C D the planes of polarization of the beam of white 
light, each inclined 45° to M N. By a reflexion from glass, 
where the index of refraction is 1*525, at 80°, the inclination 
of A B to M N will be 33° 13', as in No. 2., instead of 45° ; 
and in like manner the inclination of C D to M N will be 33^ 
13', in place of 45° ; so that the inclination of A B to C D in 

* The rale for finding the inclination is this :— Find the sum of the anglei 
of incidence and refraction, and also their diderence ; divide the cosine of 
the former by the cosine of the latter, and tliQ quotient will be the tangent 
of the inclination required. 
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place of 90^ is 660 26', as in Na 2. At an incidence of 65» 
the inclination of A B to C D will be 25° 36', as in No. 3. ; 
and at the polarizing angle of 56° 45' the planes A B, C D of 
the two beams will be parallel or coincident, as in Na 4. At 
incidences below 56° 45' the planes will again open, and their 






inclination will increase till at 0° of incidence it is 90°, as in 
Na 1., naving been 25° 36' at an incidence of about 48° 15', 
as in No. 3., and 66° 26' at an incidence of about 30°, as in 
Na2. 

In the process now described, we see the manner in which 
common tight, as in No. 1., is converted into polarized lights 
as in No. £, by the action of a reflecting surface. Each of 
the two planes of its component polarized beams is turned 
round into a state of parallelism, so as to be a beam with only 
one plane of polarization, as in No. 4. ; a mode of polariza- 
tion essentially different in its nature from that of double re» 
fraction. The numbers in Jig, 90. present us with beams of 
light in different stages of polarization from common hght in 
No, 1. to polarized light m No. 4. In No. 2. the beam has 
made a certain approach to polarization, having suffered a 
physical change in the inclination ot its planes ; wad in No. 3. 
it has made a nearer approach to it Hence we discover the 
whole mystery c^ partial polarization, and we see that par- 
Holly polarized light is figlU whose planes of polarization 
are iridined at angles less than 90° and greater than 0°. 
The influence of successive reflexions is therefore obvious. A 
reflexion at 80° will turn the planes, as in fig. 90., No. 2. ; 
another reflexion at 80° will brmg them closer ; a third still 
closer ; and so on : and though they never can by this process 
be brought into a state of exact parallelism, as in No. 4 
(which can only be done at the polarizing angle), yet they can 
be brought infinitely near it, so that the beam will appear as 
completely polarized as if it had been reflected at the polar- 
izing angle. The correctness of my former experiments and 
views is, therefore, demonstrated by the preceding analysis of 
common light. 

It is manifest from these views that partially polarized light 
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does not cofUain a Haggle ray of eompieiehi poUuiated light ; 
and yet if we reflect it from the second plate B, in Jig, 87.* 
at the polarizing angle, a certain portion of it will disappear 
as if it were polarized light, a result which led to the mistake 
of Malus and others. The light which thus disappears may 
be called apparently polarized light ; and I have explained in 
another place^ how we may determine its quantity at any 
angle of incidence, and for any reiractive medium. The fol- 
lowing Table contains some of the results for glass, whose in- 
dex of refraction is 1*525. The quantity of reflected light is 
calculated by a rule given by M. Fresnel. 
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CHAP. XX. 

ON THE POLARIZATION OF LIGHT BY OBDINABY KErBACTION. 

(106.) Although it might have been presumed that the 
light refracted by bodies suflered some change, correspondinfi[ 
to that which it receives from reflexion, yet it was not un^ 
1811 that it was discovered that the reflected portion of the 
beam contained a portion of polarized lightf 

To explain this property of light, let R r, Jur, 91., be a 
beam cf light incident at a great angle, between §D^ and 90^, 
on a horizontal plate of glass. No. 1. ; a portion of it will be 
reflected at its two sur&ces, r and a, and the refracted beam 
a is found to contain a small porticHi of polarized light 

If this beam a fidls upon a second plate, Na 2., parallel 
to the first, it will sufller two reflexions; and the refracted 
pencil 6 will contain more polarized light than a. In like 
manner, by transmitting it through the plates Nos. 3, 4, 5, and 

%— — ^— ^ » ■ ■ ■ -^^^— ■ I ■ ■ »■■ — »■■■■■ ■ I - I I I ■ ■ ■ ■ ^ — ■ ■■ ■ ■ ^ t 

*See PhU. TVaiuaeHons, 1830, p. 76., or Edinburgh Journal qf Seienee, 
New Series. No. V., p. 160. 

t This discovery was made by independent observation by MiUas, Biot, 
and the autbor of this work. 
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6., the last refracted pencil^ fg^ will be found to consist entirely, 
flo far as the eye can judge, of polarized light But, what is 
Tery interesting, the beam fg is not polari^d in the plane dS, 
refiiLction or reflexion, but in a plane at right angles to it ; 
that is, its pkne of polarization is not represented by A' B' 




fig, 81., as is the ordinary ray in Iceland spar, or as light 
pSaxiaed by reflexion, but by C IV like the extraordinary 
xay in Iceland spar. From a great number of experiments, 
I KNind that the light of a wax candle at the distance of 10 
Of 12 feet was polarized at the following angles, by the fol- 
lowing number of plates of crown glass. 
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It follows from the above experiments, that if we divide the 
number 41*84 by any number of crown glass plat^ we shall 
have the tangent of the angle at which the beam is polarized 
by that number. 

Hence it is obvious that the power of polarizing the re- 
fracted light increases with the angle of incidence, being no- 
thing or a minimum at a perpendicular incidence, or 0°, and 
the greatest possible or a maximum at 90^ of incidence. I 
found, likewise, by various experiments, that the power of po- 
larizing the light at any ^iven angle increased with the re- 
fractive power of the body, and consequently that a smaller 
number of plates of a highly refracting body was necessary 
than of a refracting body of low power, the angle of incidence 
being the same. 

As Malus, Biot, and Arago considered the beams a, 6, &c, 
before they were completely polarized, as partialhj polcrized^ 
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and as consistnig of a portion of polarized and a portion of 
unpolarized light ; so, on the other hand, I concluded from the 
Allowing reasoning that the unpolarized light had soffered a 
physical change, which made it approach to the state of coa^ 
plete polarization. FOr since sixteen plates are required to 
polarize completely a beam of light incident at an angle of 
69^, it is clear that eight plates will not polarize the whole 
beam at the same angle, but will leave a portion unpolarized. 
Now, if this portion were absolutely unpolarized like common 
light, it would require to pass through other sixteen plates, at 
an an^le of 69^, in order to be completely polarized ; but the 
truth IS, that it requires to pass through only eight plates to 
be completely polarized. Hence I conclude that die beam has 
been nearly half polarized by the first eight plates, and the 
polarization completed by the other eight This conclusion, 
though rejected by both the French and English philosophers, 
is capable of rigid demonstration, as will appear from the fol- 
lowing observations. 

In order to determine the change which refraction produced 
in the plane of polarization of a polarized ray, I used prisms 
and plates of glass, plates of water, and a plate of a highly ro- 
iractive metalline gkss ; and I found that a refracting surfiice 
produced the greatest change at the most oblique incidence, or 
that of 90^ ; and that the change gradually diminished to.a 
perpendicular incidence, or 0^, where it was nothing. I found 
also that the greatest efiect produced by a single plate of glass 
was about 16° SO', at an angle of 86° ; that it was 2P 54' at an 
angle of 55°, 1° 12' at an angle of 35°, and 0^ at an angle 
ofOo.* 

A beam of common light, therefore, constituted as in Jig. 
93., No. 1., with each of its planes A B, C D inclined 45^ to 

Fi^.9SL 
No. 1. No. 2. No. B. No. 4. 



tJie plane of refraction, will have these planes opened 16° 99' 

*The rule for finding the inclination after a single refraction is as fol- 
lows:— Find the difference between the angles of incidence and refraction, 
and lake the cosine of this difference. This number will be the cotangent 
«vf the iiMslination required ; and twice this inclination will be the iuclina- 
Uoa of A B tu C D. 
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each, by one plate of glass at an incidence of 869 ; that ia^ 
their inclination, in place of 90°, will be 123° 18', as in Na 
2, By the action of two or three plates more they will be 
opened wider, as in Na 3. ; and by 7 or 8 plates the^ will be 
opened to near 180°, or so that A B, C D nearly coincide, as 
in Na 4., so as to form a single polarized beam, whose plane 
of pdarization is perpendicular to the plane of refraction. I 
have shown, in another place,* that these planes can never be 
brought into mathematical coincidence by any number of re- 
fractions ; but they approach so near to it that the pencil is, to 
all appearance, completely polarized with lights of ordinary 
strength. All the light polarized by refraction is only par* 
tially polarized, and it has the same properties as that which 
is partially polarized by reflexion. A certain portion of the 
light of a beam thus partially polarized, will disappear when 
reflected at the polarizing angle from the plate B, fy[, 87. ; 
and this quantity, which I have elsewhere shown how to cal- 
culate, is given in the following table for a single mrface of 
glass, whose index of refraction is 1-525. 
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Although the quantity of light polarized by refraction, as 
eiven in the last column of this Table, is calculated by a 
rormula essentially difibrent from that by which the quantity 
of light polarized by reflexion was calculated ; yet it is cu- 
rious to see that the two quantities are precisely equaL Hence 
we obtain the following law : — 

When a ray of common light is reflected and refracted by 
any surface^ the quantity of liglU polarized by refraction is 
exactly equal to that polarized by reflexion. 

This law is not at all applicable to plates, as it appeared to 
be from the experiments of M. Arago. 

When the preceding method of analysis is applied to the 
liffht reflected by the second surfaces of plates, we obtain the 
fiulowing curious law : — 

• See Phii. Trannaetioiu, 1830, p. 137., or Edinburgh Journal qf 8ei§ne9f 
New Series, No. VI., p. 218. 
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A pencil of light reftecied from the geetmd surf aces fjf 
transparent plates, and reaching the eye after two refrac- 
tions and an intermediate reflexion, contains at aU angles of 
incidence, from 0^ to the maacimum poiarizing angle, a por^ 
Hon of light polarized in the plane of reflexion. Above the 
pidarizing angle, the part of the pencil polarized in the 
plane of reflexion diminishes, tiU the incidence becomes 7^ 
7' in glass, when it disappears, and the whole pencil has the 
character of common light. Above this last angle the pencil 
contains a quantity of light polarized perpendicularly to the 
plane of reflexion, which increases to a maximum^ and then, 
diminishes to nothing at 90°.^ 

(107.) As a bundle of glass plates acts, upon lights and po« 
larizes it as effectuedly as refleziaa from the sur&e of glass 
tt the polarizing angle, we may substitute a bundle of glass 
plates in the apparatus, Jig, 87., in place of the plates of ^lass 
A, & Thus, if A (Jig, S.) is a bundle of glass plates mddn 

Fig. 93. 
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polarizes the transmitted ray 5 1, then, if the second bundle B 
IS placed as in the figure, with the planes of refraction of its 
plates parallel to the planes of refraction of the plates of A, 
the ray s t will penetrate the second bundle ; and if s t is in- 
cident on B at the polarizing angle, not a ray of it will be re- 
flected by the plates of B. If B is now turned round its axis, 
the transmitted light v w will gradually diminish, and more 
aiid more light wm be reflected by the plates of the bundle, . 
till, after a rotation of 90^ the ray v w will disappear, and all 
the light will be reflected. By continuing to turn round B, 
the ray t? w will re-appear, and reach its maximum brightness 
at 180^, its minimum at 270^, and its maximum at 0^ after 
having made one complete revolution. 

By this apparatus we may perform the veir same expen* 
ments with refracted polarized light that we did with reflected 
polarized light in the apparatus of ^^. 87. 

We have now described two methods of converting com^ 
mon light into pdarized light : Ist, By separatinor by double 
refraction the two oppositely polarized beams which constitute 
common light ; and, 2dly, By turning round, by the action of 

* Bee PML Trana. 1830, p. US. ; or EdiHhurgh Journal of Science, No. VI.. 
p. 334. New Series. 
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the rejecting and refracting forces, the planes of, both these 
beams till they" coincide, and thus ferm light polarized in one 
plane. Another method still remains to b^ noticed ; namely, 
to ttisperse or absorb one of the oppositely polarized beams 
which constitute common light, and Iwve the other beam po- 
larized in one plane. These effects may be produced by agate 
and tourmaline, &c. 

(106.) If we transmit a beam of common light through a 
plate of jigate, one of the oppositely polarized beams will be 
converted into a nebulous light in one position, and the other 
polarized beam in another position, so that one o€ the polar- 
ized beams with a single plane of polarization is left The 
same effect may be produced by Iceland spar, arragonite, and 
artificial salts prepared in a particular manner, to produce a 
dispersion of one of the oppositely polarized beams.''' 

When we transmit common light through a thin plate of 
tourmaline, one of the oppositely polarized beams which con- 
stitute common light is entirely absorbed in one position, and 
the other in another position, one of them always remaining 
with a single plane of polarization. 

Hence, plates of agate and tourmaline are of great use, 
either in afibrding a ^am of light polarized in one plane, or 
in dispersing and absorbing one of the pencils of a compound 
beam, when we wish to analyze it, or to examine the color or 
properties of one of the pencils seen separately. 



CHAP, XXI. 

ON THE GOLOBS OF CRYSTALLIZED PLATES IN 
POLARIZED LIGHT. 

(109.) The splendid colors, and systems of colored rings, 
produced by transmitting polarized light through transparent 
bodies that possess double re&action, are undoubtedly the most 
brilliant phenomena that can be exhibited. The colors pro- 
duced by these bodies were first discovered by independent 
observation, by M. Arago and the author of this volume ; and 
they have been studi^ with great succesgr by M. Biot and 
other authors. 

In order to exhibit these phencmiena, let a polarizing ap* 
paratus be prepared, similar in its nature to that in fig. 87. ; 

Dut without the tubes, as shown in Jig, 94., where A is a plate 

« " 1,11.. .1 . ,. I - . 11., I II 

*Se« Edinburgh Eneyelopsdia, yol. zv. pp. 600, 601.; Phil. Trang. 1819» 
p. 140. 

O 
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of glass wKich pokxizes the ray Rr, inddeot upon it at aik 
angle of 56^ 45', and reflects it polarized in the direction r 9, 
where it is received by a second plate of glass, fi, whose plane 
of reflexion is at liAt angles to that of the plate A, and 
which reflects it to Sejeye at O, at aa angle of 56® 45'. In 



Fig. 91, 





y 



order that the polarized pencil r s may be sufficiently brilliant, 
ten or twelve plates c^ window glass, or, what is better 
still, of thin ana well-annealed flint glass, should be substi- 
tuted in place of the single plate A. The plate or plates at 
A are caUed Hiepdarizing plates, because their only use is 
to furnish us with a Inoad and bright beam of polarized light 
The plate fi is caJled the analyzing plate, because its use is 
to analyze, or separate into its parts, the light transmitted 
through any body that may be placed between the eye and the 
polarizing plate. 

If the beam of light R r proceeds from the sky, which will 
answer well enough for common purposes, then an eye placed 
at O will see, in the direction O «, the part of the sky from 
which the beam R r proceeds. But as r « will be polarized 
light if it is reflected at 56® 45' flxnn A, almost none of it will 
be reflected to the eye at O from the plate B ; that is, the eye 
at O will see, upon the part of the sky flx)m which Rr pro- 
ceeds, a black spot ; and when it does not see this black spot, 
it is a proc^ that t^ plates A and B are not placed at the 
piroper inclinations to each other. When a position is fl)und, 
either by moviii^ A or B, or both, at which the fakuck spot is 
darkest, the apparatus is pn^eriy adjusted. 

(110.) Havmg procufed a thin film of sulphaie of lime or 
intca, between the 2(Hh and the 60th of an mch thick, and 
which may be split by a fine knife or lancet from a mass of 
any of these minerals in a transparent state, expose it, as 
shown at C £ D F, so that the polarized beam r s may pass 
through it perpendicularly. If we now wppky the eye at O, 
and l^k towards the black spot in the direction O «, we shaU 
see the surface of the plate of sulphate of Hme entirely cov- 
ered with the most brilliant colors. If its thickness is per- 
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fectly umform thronghoat, its tint will be perfectly uniibnn ; 
bat if it has different thicknesses, every different thickness 
will display a different color — some red, some green, some 
blue, and some yellow, and all of the most brilliant descrip- 
tion. If we turn the film C E D F ronnd, keeping* it perpen- 
dicular to the polarized beam, the colors will become less or 
more hnfi^ht witiiout chan^fing their nature, and two lines, 
C D, E F at right angles will he found, so that when either of 
them is in the plane of reflexion r s O, no colors whatever are 
perceived, and the black spot will be seen as if the sulphate 
of lime had not been interposed, or as if a piece of cornmon 
glass had been substituted for it It will also be observed, by 
continuing the rotation of the sulphate of lime, that the colors 
again beo^in to appear; and reach their greatest brightness 
when etmer of tiie lines G H, L K, which are incline(r45^ to 
C D, E F, are in the plane of reflexion r » O. The plane R r «, 
or the plane in which the light is polarized, is called the plane 
of primitwe polariaation ; the Imes CD, E F, the neutral 
axes ; and G H, K L, the depolarizing axes, because they de- 

?)]arize, or change the polarization of the polarized beam r s, 
he brilliancy or intensity of the colors increases gradually, 
from the position of no color, to that in which it is the most 
Mlliant 

Let us now suppose the plate C E D F to be flxed in die po- 
sition where it gives the brightest color ; namely, when G H 
is perpendicular to the plane of primitive polarization R r 9, 
or parallel to the plane rsO, and let the color be red. Let 
the analyzing plate B be made to revolve round the ray r t, 
beraning its motion at 0^, and preserving always the same 
inclination to the ray r s, viz. 5iB® 45'. The brightest red 
being now visible at 0^, when the plate B begins to move from 
its position shown in the figure, its brightness will gradually 
diminish till B has turned round 45°, when the red color wifi 
wholly disappear, and the black spot in the sky be seen. Be- 
yond 45° a fiiint green will make its appearance, and will be- 
come brighter and brighter till it attains its greatest bri^t- 
ness at 9CP. Beyond 90° the green becomes paler and paler 
till it disappears at 135°. Here the red again appears, and 
reaches its maximum brightness at 180°. The very same 
changes are repeated while the plate B passes from 180° 
round to its first position at 360° or 0°. From this experi- 
ment it appears, that when the film C E D F alone revolves, 
only one color is seen ; and when the plate B only revolves, 
two colors are seen durinff each half of its revolution. 

If we repeat the preceding experiment with films of differ- 
ent thicknesses, that give di&rent colors, we shall find that thd 
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two colors are always complementary to each other, or to- 
gether make white light 

(111.) In order to understand the cause of these beautiful 
phenomena, let the eye be placed between the film and the 
plate B, and it will be seen liiat the light transmitted through 
the film is white, whatever be the position of the film. The 
separation of the colors is therefore produced, or the white 
light is analyzed, by reflexion from the plate R Now, sul- 
phate of lime is a doubly refracting crystal ; and one of its 
neutral axes, C D, is the section of a plane passing through its 
axis, while £ F is the section of a plane perpendicular to the 
principal section. Let us now suppose either of these planes, for 
example £ F, to be placed, as in the figure, in the plane of po- 
larization R r « of the polurized light ; then this ray wOl not be 
doubled, but will pass into the or£nary ray of the crystallized 
film ; and fidling upon B, it will not suffer reflexion. In like 
manner, if C D is brought into the plane R r «, it will pass 
entirely into the ordinary ray, which, falling upon B, wOl not 
sufler reflexion. In these two positions of me film, therefore, 
it forms only a single image or beam ; and as the plane of po- 
larization of this image or beam is at right angles to the phme 
of reflexion from B, none of it is reflected to the eye at O. 
But in every other position of the doubly refracting film 
C £ D F, it forms two images of different intensities, as may 
be inferred fiom Jig. 86. ; and when either of the depolarizing 
axes G H or K L is in the plane of primitive polarization, the 
two images are of equal brightness, and are polarized in op- 
posite planes ;' one in the plane of primitive polarization, and 
the other at right angles to it Now, one of these images is 
red, and the ot£er green, for reasons which will be afterwards 
explained ; and as the green is polarized in the plane of primi- 
tive polarization R r «, it does not suffer reflexion from the 
plate B ; while the red, being polarized at right angles to that 
plane, is reflected to the eye at O, and is therefore alone seen. 
For a similar reason, when B is turned round 90^ the red wiU 
not suffer reflexion from it ; while the green will suffer re- 
flexion, and be transmitted to the eye at O. In this case the 
plate B analyzes the compound beam of white light trans- 
mitted through the film of sulphate of lime, by reflecting the 
half of it which is polarized in the plane of its reflexion, and 
refusing to reflect the other half, which is polarized in an op- 
posite plane. If the two beams had been each white light, as 
they are in thick plates of sulphate of lime, in place of seeing 
two different colors during the revolution of the plate B, the 
reflected pencil s O would have undergone different variations 
of brightness, according as the two oppositely polarized beams 
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^ of white liglit were mcfe or lost reflected Inr it; the pontkBe 

of ^vMiteat In'ightaeBs bein^ tiioae where the red and green 

colors were the brightest, and the darkest points beij^ those 

where no edkir wis visitale. 

(112^) The aoftlysis of the white beam campoaed of two 

. beams of red and green light, has obviously been e^cted by 
the power of the plate to rtfieet the one and to troMmU olr 
refract the other ; but the same beam mayl>e analyzed by var 
rious other methods If we make it pass through a rhomb of 
calcareous spar sufficiently thick to separate by double refrac- 
tifxi the red from the green beam, we shall at the same time 
see both the colored beams, which we could not do in the for- 
mer case ; the one forming the ordinary, and the other the ex- 
traordinary image. Let us now remove the {)late B, and sub- 
stitute ^ it a rhomb of calcareous spar, with its prmcipal see* 
tion in the plane of reflexion r a O, or perpendicular to the 
pkme of primitive polarizaticHi R r «, and let the rhomb have 
ft round aperture in the side fiurtheet from the eye, and of such 
ft size that the two images of the aperture, formed by douUe 
refraction, may just touch one another. Remove the film 
C £ D F, and the eye placed behind the rhomb will see only 
the ^ctraordinary image of the aperture, the ordinary one 
havmg vanished. Replace the film, with its neutral axes as in 
the fiffure, parallel and perpendicular to the jdane R r «, and 
no e&ct will be produced ; but if either of the depolarizing 
axes are brought into the plane R r «, the ordinary image of 
the aperture will be a brilliant red^ and the extraordinary 
ima^ a brilliant green ; the double refhiction of the rhomb 
havmg separated these two difierently colored and oppositely 
polarized beams. By turning round the film, the colors wiU 
vary in brightnefls ; but the same image will always have the 
same color. If we now keep the film fixed in the position 
that gives the finest coters, and move the rhomb of calcareous 
i^ar round, so that its principal section shall make a c(Hn}dete 
levcdution, we shall find that, after revolving 45^ from its first 
position, both images become white. After revolving 90^, the 
ordinary image t£fct was formerly red is now green, and the 
extnoidinanr image that was formerly green is now red. The 
two images become again white at 135^, 225^, and 815° ; and 
at 180^, the ordinary image is again red, and the extraordi- 
nary one green ; and at 270^, the ordinary image is green, 
and the o&r reti. 

If we use a large circular aperture on the face of the 
rhomb, the ordinarjr and extraordinary images O, £ will over- 
lap each other, as in fig, 95. ; the overlapping P&i^te at F G 
being pure white light, and the parts at C and D having the 

02 
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colors above described. This experiment aflbrds ocular de- 
monstration that the two colors at C and D are comple- 
mentary, and form white light 

The analysis of the compound beam transmitted by the sul- 
phate of lime may also be effected by a plate of agaUf or by 




any of the crystals, artificially prepared fi>r the purpose of 
dispersing one of the component beams. The aeate being 
placed between the eye and the film C E D F, it wUl disperse 
mto nebulous light the red beam, and enable the ffreen one to 
reach liie eye ; while in another position it will scatter the 
green beam, and allow the red light to reach the eye. With 
a proper piece of agate this experiment is both b^utifiil and 
instructive ; as the nebulous light, scattered round the Inight 
image, will be green when the distinct image is red, and red 
when the distinct image is green. 

The analysis may also be effected by the absorption of tour- 
nudine and other sunilar substances. In one position the tour* 
maline absorbs the green beam, and allows the red to pass ; 
while in another position it absorbs the red, andsufiersthe 
^een to pass. The yellow color of the tourmaline, however, 
IS a disadvantage. 

The analysis may also be performed by a bundle of glass 
plates, such as A or B, fig, 93. In one position such a bimdle 
will troTismit all the red, and reflect all the green ; while in 
another position it will transmit all the green, and reflect all 
the red, in the opposite manner, but according to the same 
rules as the analyzing plate B, Jig, 94. 

(113.) In all these experiments the thickness of the sul- 
phate of lime has been supposed such as to give a red and a 
green tint ; but if we take a film 0*00046 of an English inch 
uiick, and pljice it at C E D F in^^. 94., it will produce no 
colors at all, and the black spot in the sky will be seen, what- 
ever be the position of the film. A film 0*00124 thick will 
give the white of the first order in Newton's scale of colors, 
given in p. 93 ; and a plate 0*01818 of an inch thick, and 
all plates of greater thickness, will give a white composed 
of all the colors. Filois or plates of intermediate thicknesses 
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between (H)0124 and OOIBIQ will five all the intennedkte 
colon in Newton's Table between toe white of the first order 
and the white arising from the mixture of all the cdors. That 
ifl^ the colors reflect«[ to the eye at O will be those in column 
2d, while the colors observed by turning round the plate B 
will be those in column 3d ; the one set of cdors correspond- 
ing to the reflected tints, and the other to the transmitted tints 
of thin plates. In order to determine the thickness of a film 
of sulphate of lime which gives any particular color in the 
Table, we must have recourse to the numbers in the last col- 
umn for glass, which has nearly the same refractive power as 
sulphate of lime. Suppose it is required to have the thickness 
which corresponds to the red of the first spectrum or order of 
cdors. The number in the column for glass, opposite red, is 
5| ; then, since the white of the first order is produced by a 
film 0*00124 of an ineh thick, the number corresponding to 
which is 3f in the column for glass, we say, as 3} is to 5}, so 
is 0*00124 to 0*00211, the thickness whidi will give the red 
of the first order. Li the same manner, by having the thick- 
ness of any film of this substance, we can determine the color 
which it will produce. 

Since the colors vary with the thickness of the plate, it is 
manifest, that if we could form a wedge of sulphate of lime, 
with its thickness varying from 0*00124 to 0*01818 of an inch, 
we should observe at once all the colors in Newton's Table in 
parallel stripes. An experiment of the same kind may be 
made in the following manner : — ^Take a plate of sulphate of 
lime, M N, Jig, 96., whose thickness exceeds 0*01818 of an 

Fig. 96. 




inch. Cement it with isinglass on a plate of glass; and 
placing it upon a fine lathe, turn out of it with a very sharp 
tool a concave or hollow surface between A and B, turning it 
so thin at the centre that it either begins to break or is on the 
eve of breaking. If the plate M N is now placed in water, 
the water will after some time dissolve a small portion of its 
substance, and polish the turned surfiu^e to a certain degree. 
If the plate is now heki at C E D F, Jig, 04., we shall see all 
the colors in Newton's Table in the form of concentric rings, 
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as ■howB in the figfore. If tbe thidcneaB diminiahet nfittj 
ibe rin^ will be closely fNBcked together, bat if the timied 
gur&ce IS lar^ and tbe thidmesB dunminhea alowlyy the cot 
oned bands wiU be broad. In place of tinning cmt the con* 
cavity, it might be df»e better by grindinjg it cNit, by applying 
a convex sarfiice cf great radios, and using the finest emery. 
When the plate M N is thns prejpared, we may give tiie moat 
perfect polish to the tamed sormce by cementing opon it a 
plate of ghue with Canada balsam, llie balsam will <ky, and 
the {date may be preserved for any length of time. 

]^ the method now described, the most beantifnl pattetni^ 
nidi as are produced in bank-4iotes, &c., mav be turned iqwu 
a plate of sulphate of lime 0*01818 of an inch thick, cemented 
to glass. All the grooves or lines that compose the pattern 
may be turned to different depths, so as lo leave different 
thicknesses of the mineral, and the grooves of difierent depths 
wiU all appear as different colors, when the pattern is held in 
the apparatus in A, 94. Colored drawings of figures and 
landsoipes may in like manner be executed, by scraping away 
the mineral to the thickness that will give the required coIoib ; 
or the effect may be produced by an dtching ground, and 
using water and odier fluid solvents of sulp&te of lime to 
reduce the mineral to the required thicknessea A cipher 
may thus be executed upon the mineral ; and if we cover 
the surface upon which it is scratched, or cut, or dissolved, 
with a balsam or fluid of exactly the same refractive power as 
the sulphate, it will be absolutely illegible by common light, 
and may be distinctly read in polarized light, when placed at 
CEDFin^.94. 

As the colors produced in the preceding experiments vary 
with the different thicknesses of the body which produces 
them, it is obvious that twa films put together, as they lie in 
the crystal with similar lines coincident or parallel, will pro- 
duce a color corresponding to the sum of their thicknesses, 
and not the color which arises from the mixture of the two 
colors which they produce separately. Thus, if we take two 
^ films of sulphate of lime, one of which gives the orange of 
the first order, whose number in the last oolumn in Newton's 
Table, p. 93., is 5 J, while the other gives the red of the 2d 
order, whose number is 11| ; then by adding these numbers, we 
get 17, which corresponds in the Table to greenish yettow of the 
Sd order. But if the two plates are cros«e<2, so that amilar lines 
in the one are at right angles to similar lines in the other, 
then the tint or color which they produce will be that which 
belongs to the difference of their thicknesses. Thus, in the 
present case, tbe difference of the above numbers is ti J, which 
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corresponds in the Table to a reddish violet of the second 
order. If the plates which are thus crossed are equally thick, 
and produce the Same colors, thef will destrOT each other's 
effects, and blackness will be produced ; the dinerence of the 
numbers in the Table being 0. Upon this principle, we may 
produce colors by crossing plates of such a thickness as to 
give no colors separately, provided the difference of their 
Siickness does not exceed 0*01818 ; for if the difference of 
their thickness is greater than this, the tint will be white, and 
beyond the limits of the Table. 

If the polarized light employed in the preceding experi- 
ments is homogeneous, then the colors reflected firom the plate 
B will always be those of the homogeneous light employed. 
In red light, fi>r example, the cdors or rather shades wnich 
succeed each other, with different thicknesses of the mineral, 
will be red at one thickness, black at another, red at another, 
and black at another, and so on with all the different colora 

If we place the specimen shown in fig. 96. in violet light, the 
rings A B will be less than in red light; and in intermediate 
colors they will be of intermediate magnitudes, exactly as in 
the rings of thin plates formerly descril^d. When white light 
is used, all the different sets of rings are combined in the very 
same manner as we have already explained, in thm plates of 
air, and will form by their combinations the various colored 
rings in Newton's TMe* 



CHAP. xxn. 

ON THB STBTTSM OF CX>L0BED RUIOS IN GRTflrTAIA WITH 

ONE 



(114) In all ihe preceding experiments the film C E D F 
must be held at such a distance from the eye, or from the plate 
B, that its sur&ce may be distinctly seen, and in the apparatus 
used by different philosophers this distance was considerable. 
In the year 1813 I adopted another method, namely, that of 
bringing the film or crystal to be examined as close to the eye 
as possible, a very small plate, B, not above one fourth of an 
inch, being interposed, as in^^. 94, between the crystal and 
the eye, to reflect the light transmitted through the crystal. 
By this means I discovered the systems of rings formed along 
the axes of crystals with one and two axes, which form the 
most splendid phenomena in optical science, and which by 
tkeir aniUysis luive led philosophers to the most important di»> 
lapveries. 



great variety of other bodies, a 
observed tJiem in Iceland spar. 

In oidn to observe the svstem of ringa rotmd a nng^ ajtk 

tf doable TefractioD, grind down the summib or obtuse angle* 

A X of a rhomb i^ Iceland spar. Jig. 73., and replace them bj 

plane and poliihed sur&ces perpendicular to the axis c^doaUe 

je&action A X. But aa this is not an easj opentton without' 

tbe aid of a lapidary, I have adopted the Ibllowiiv method, 

which enablee us to tranamit light along the axis A X withmit 

iDfmii^ tha rhomb. LetCDE F,jS^. 97., be the prkcipaf 

a err section of tile rhnnb ; cement upm 

**■"" its aurftces CD, PE, with Canada 

vjLy balaain, two prisma, DLK,FGH, 

^^^mmB^ l">^ f^ »°gt» L D K, G F H 

I^^^^^^^^K each equal to about 46° ; and bj let- 



ting &11 a taj cf light pwpendici 
b lar^ upon the fkce D L, it will pass 
5x along u>e axis A X, and emerge per- 



wiculftrly tbroogh the fece PG. 

!t tbe rhomb thus prepared be held 
in the polarised beun r g,fig. M., bo that r > may pass aloog 
tiie uda A X, and let it be held as near the jdate B as possiMe. 
Wfaen the eye ia held v»y near to B, and locJca along O a as 
it were through the reflected image rf the ritomb C ^ it will 
perceive aliaig its azia A X a aplendid Byatera of colored rings 
lesembling tlutt shown iiij!g. 9S., intersected by a rectangular 

Fig.K. 



Mack aoK, A B C D, the anna of which meet at the eentn 
of the rin^gs. The colors in these rings are ejcactly the eama 
as thnee in Newton's Table of colors, and conaequeiitly the 
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Mine as the system of rings seen by reflexkxi from the |^te 
i£ air between the object glassea If we turn the rhomb 
round its axis, the tings will suffer no change ; but if we &c 
the rhomb, or hold it steadily, and turn round the plate B, 
then, in the azimuths 0^ 90^, 180^, and 270° of its revolution, 
we shall see the same sfystem of rings; but at the intermedii^ 
aamuths oi 45P, 135^ 225^ and 315^ we shall see another 
■vstem, like tluit in Jig. 99., in which all the cokns are com* 
piefflentary to those in^^. 96., being the same as those seen 

Ftg.99, 




in the rings formed by transmission through the plate of air. 
The superposition of these two systems or rings would repro* 
duce white light 

I( in place of the glass plate B, we substitute a prism of 
calcareous spar, that separates its two images greatly, or a 
rhomb of great thickness, we shall see in the ordmary imafe 
the first system of rings, and in the extraordinarv ima^ toe 
second system of complementary rings, when tne prmcipal 
section of the prism or rhomb is in the plane r « O as formerly 
described. 

As the li^ht which forms the first sjstem of rings is polarized 
in an opposite plane to Uiat which ferms the second system, 
we may disperse the one system by a^ate, or absorb it by 
tournuuine^ and thus render the other visible, the first or the 
second system being dispersed or absorbed according to the 
position of the agate or the tourmaline. 

If we split the rhomb of calcareous agar, fig, 97., into two 
plates by the fissure M N, and examine the rings produced by 
each plate separately, we shall find that the rings produced by 
each plate are larger in diameter than those produced by the 
whole rhomb, and that the rings increase in size as the thick- 
ness of the plate diminishes. It will also be found that the 
circular area contained within any one ring is to the circular 
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area of any other rin^, as the number m Newton's Tabie cor-' 
responding to the tint of the one ring is to the number corre- 
sponding to the tint of the other. 

If we use homogeneous light, we shall find that the rings 
are smallest in violet light and largest in red light, and of in- 
termediate sizes in the intermediate colors, consisting, always 
of rings of the color of the light employed, separated by black 
ring& In white light all the rings formed by the seven di^ 
ferent colors are combined, and constitute the colored system 
above described, according to the principles which were fully 
explained in Chapter XIL 

(115.) All the other crystals which have one axis of double 
refraction, give a similar system of rings along their axis- of 
double refraction ; but those produced by the positive crystals, 
such as zircon, ice, &c., though to the eye they dif^r in no 
respect from those of the negative crystals, yet possess dif- 
ferent properties If we take a system of rings iormed by 
ice or zircoTi, and combine it with a system of rings of the 
very same diameter formed by Iceland spar, we shall find 
that the two systems destroy one another, the one being nega- 
tive and the other positive ; an e^ct which might have been 
expected from the opposite kinds of double refraction possessed 
by these two crystals. 

If we combine two plates of negative crystals, such as Ice- 
land spar and beryl, the system of rings which they produce 
will be such as would be formed by two plates oflceftrnd spar, 
one of which is the plate employed, and the other a plate 
which gives rings of the same size as the plate ci* beryl But 
if we combine a plate of a negative crystal with a plate of a 
positive crystal, such as one of Iceland spar with one of zir^ 
con or ice, the resulting system of rings, in place of arising 
from the sum of their separate actions, will arise from their 
difference ; that is, it will be equal to the system produced by 
a plate of Iceland spar whose thickness is equal to the differ- 
ence of the thicknesses of the plate of Iceland spar employed, 
and another plate of Iceland spar that would ^'ve rings of the 
same size as those produced b^ the zircon or ice. 

These experiments of combming rings are not easily made, 
unless we employ crystals which have external faces perpen- 
dicular to the axis of double refraction, such as the variety of 
fceland spar called spath calcaire basee, some of the micas 
with one axis, and well crystallized plates of ice, &c. When 
two such plates cannot be obtained, I have adjusted the axes 
of the two plates so as to cdncide, by placing between them, 
at their edges, two or three small pieces of sofl wax, by press- 
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ing whieh ixi difi^rent directions, we may f>roduce a safficiently 
accurate coincidence of the systems of rings to establish the 
preceding conclusions. 

If, when two systems of rings are thus combined, either 
both negative or both positive, or the one negative and the 
other positive, we interpose between the plates which produce 
^them crystallized films of sulphate of lime or mica, we shall 
produce the most beautiinl changes in the form and character 
of the rinfifs. This experiment J found to be particularly 
i^lendid when the film was placed between two plates of the 
t^Mth caicaire basee of the same thickness, and taken from the 
same crystal By fixing them permanently with their &ces 
parallel, and leaving a sufficient interval between them for 
the introduction of ^Ims of crystals, I had an apparatus by 
which the most splendid phenomena were produced. The 
rinss were no longer symmetrical round their axis, but exhi]> 
ited the most beautiful variety of forms during the rotation of 
the combined plates, all of which are easily dSucible from the 
general laws of double re&action and polarization. 

The table of crystals that have negative double refraction 
shows the bodies that have a negative system of rings ; and 
the table of positive crystals indicates those that have a posi* 
tive system of rings. 

(116.) The following is the method which I have used for 
distin^uyiin? whether any system of rings is positive or 
negative. Take a film of sulphate of lime, such as that shown 
at C £ D F, Jig. d4., and mark upon its sur&ce the lines or 
neutral axes CD, £ F as nearly as may be. Fix this film by 
a little wax on the sur&ce, L D or F u, fig, 97., of the rhomb 
which produces the negative system of rings. If the film 
produces alone the red of the second order, it will now, when 
combined with the* rhomb, obliterate part of the red ring of 
the second order, either in the two quadrants A C, B D, fig, 
98., or in the other two, A D, C B. Let it obliterate the red 
in A C, B D ; then if the line C I), fig, 94., of the film crosses 
these two quadrants at right angles to the rin^ it will be the 
principal axis of the sulphate of lime ; but if it crosses the 
other two quadrants, then the line £ F, which crosses the 
quadrants A C, B D, will be the principal axis of sulphate of 
hme, and it should be marked as such. We shall suppose, 
however, that C D has been proved to be the principal axis. 
Then, if we wish to examine whether any other system of 
rings is positive or negative, we have only to cross the rings 
with the axis C D, by interposing the film : and if it obliter- 
ates the red ring of the second order in the quadrant which it 

P 
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cat6BBes, the system will W negative ; but if it obliterates the 
mme ring in the other two qn^rants which it does not cross, 
then the system will be positive. It is of no consequence 
wiut color the film polarizes, as it will always obliterate the 
tint of the same nature in the system of rings under exani'- 
inaticoi. 

(117.) In cn*der to explain the formation of the systems of, 
rings se^n along the axes of crystals, we must consider the 
two causes on which they depend ; namely, the thickness of 
the crystal through which the polarized li^ passes, and the 
inclination of the polarized light to the axis cf double refrac- 
tion or the axis of the rings. We have already shown how 
the tint or color varies with the thickness (£ the crystallized 
body, and how, when we know the color for one thickness, we 
may determine it for all other thicknesses, the inclination of 
tfte ray to the axis remaining always the same. We have 
now, tnerefore, only to consider the effect of inclination to tlie 
ajtis. It is obvious that along the axis of the crystal, where 
the two black lines A B, C D,^. 98., cross each other, there 
is neither double refraction nor color. When the ffelarized 
fay is slightly inclined to the axis, a faint tint appears, like 
the blue m the first order of Newton's scale ; and as- ^e incli- 
nation gradually increases, all the colors in Newton's table are 
piidducal in succession, from the very black of the first order 
«p to the reddish white of the seventh order. Here, then, it 
appears that an increase in the inclination of the polarized 
light to the axis corresponds to an increase of thiclaiesB ; so 
tmit if the light always passed through the same thickness of 
die mineral, the different colors of the scale would be pro* 
duced by difference of inclination alone. Now, it is ibund by 
experiment, that in the same thickness of the mineral, the 
numerical value of the tints, or the numbers opposite to the 
tints in the last column of Newton's table, vary as the square 
of the Bine of the inclination of the polarized ray to the axis. 
Hence it fc^ows, that at equal inclinations the same tint will 
be produced ; and consequently, the similar tmts will be at 
equfd distances from the axis of the rings, dr tiie Hnes of equal 
tint or rings will be circles whose eenti-e is in the axis. Let 
us suppose that at an inclmation of 80^ to the axis we observe 
the hlvjB of the second order, the numerical value of whose 
tint is 9 in Newton's table, and that we wish to know the tint 
which would be produced at an inclination of 45°. The sine 
of aO<=> is '5, and its square -25. The sine of 45«' is -7071, and 
its square .5. Then we say, as *25 is to 9, so is *5 to 18, which 
ill the table is the numerical value of the red of the third 
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order. If we suppose the thickness of the mineral to be in- 
creased ftt the inclinatioiia 80° and 45^ then the numerical 
value of the tint would increase in the same proportion. 

It is obvions from what has been said, that me pdariEing 
Ibrce, or that which produces the rings, vani^es when the 
double refraction vanishes, and increases and diminishes with 
the double refraction, and according to the same law. The 
polarizing force, therefore, depends on the force of double re- 
fraction; and we accordingly find that crystals with high 
double refraction have the power of producing the same tint, 
either at much less thicknesses, or at much less inclinations to 
the axis. In order to compare the polarizing intensities of 
different crystals, the best way is to compure the tints which 
they produce at right angles to the axis where the force of 
doable refraction and polarization is a maximum, and with a 
given (Jiickness of the mineral. Thus, in the case ^iven 
above, we may find th^ tint at ri^ht angles to the axis, by 
taking the square of the sine of ^°, which is 1 ; so that we 
have tiie following proportion : as *25 is to 9, so is 1 to 86, the 
value of the maximum tint of calcareous spar at right angles 
to tiie axis, upon the supposition that a tint of the value Sf 9 
was produced at an inclination of 30°. If we have measured 
the thickness of Iceland spar at which the tint 9 was produced, 
we are prepared to compare the polarizing intensity of Iceland 
spar with that of any other mineral. Thus, let us take a plate 
of quartz^ and let us suppose that at an incIiniUion of 30°, 
and with a thickness fifty-one times as great as that of the 
plate of Iceland spar^ it produces a yellow of the first order, 
whose valae is about 4. Then to find the tint at 90°, or at 
r^ht an^s to the axis, we say, as the square of the sine of 
W', or ^ is to 4, so is the square of the sine of 90°, or 1, td 
16, the tint at 90°, or the ^een of tiie third order. Now the 
polarizing power .or intensity of the Iceland spar would have 
iieen to l£at of the quartz as 36 to 16, or 2^ times as greats if 
&e thickness of the two minerals had been the same ; but as 
the thickness of the quartz was 51 times as great as that of 
the Iceland spar, the polarizing intensitv of the Iceland spar 
will be 51 raultipHed by 2^ times, or 115 times as great as 
&at of quartz. The intensities fi)r various crystals have been 
4letennined by several observers, but the following have been 
given by Mr. Herschel : — 
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PAST II. 



Polarixing IntemitieM of CryttaU with One Axis, 



Iceland spar - I ~ 
Hydrate of strontia • 
Tourmaline - - - 
Hyposulphate of lime • 
Quartz . . . - . 
Apophyllite, Ist variety 
Camphor - - . . 
Vesuvian - - - - 
ApophylUte, 2d variety 
3d variety 



vtiw or 

hifhcat Tint. 



35801 

1246 

851 

470 

312 

109 

101 

41 

33 

3 



ThickncMOT that prodiM* 
the nine Tint. 



0*000028 
0-000802 
0-001175 
0-002129 
0-003024 
0009150 
0-009856 
0-024170 
0-030374 
0-366620 



The above measures are suited to yellow light, and the 
numbers in the second column show the proportions of the 
thicknesses of the different substances that produce the same 
tint The polarizing force of Iceland spar is so enormous at 
right angles to the axis, that it is almost impracticable to pre- 
pare a film of it sufficiently thin to exhibit tae colors in New- 
ton's table. . 



CHAP. xxm. 

ON THE STSTTEHS OF COLORED RINGS IN CRYSTAiJi WITH 

TWO AXES. 

(118.) It was ]oag believed that all crystals had only one 
axis of double refraction ; but, after I discovered the double 
system of rings in topaz and other minerals, I found that these 
minerals had two axes of double refracti<xi as well as of polar- 
ization, and that the possession of two axes characterized the 
great body of crystals which are either formed by art, or 
which occur in the mineral kingdom. 

The double system of rings, or rather one of the sets of thc: 
double system of rings in topaz, first presented itself to m€ 
when I was looking along the axis of topaz, which reflected a 
part of the light of the sky that happened to be polarized, so 
that they were seen without the aid either of a polarizing or 
an analyzing plate. In this and some other minerals, however, 
the axes of double refraction are so much inclined to one an- 
other, that we cannot see the two systems of rin^ at once. I 
shall therefore proceed to explain them as exhibited by nitre, 
in which I also discovered them and examined many of their 
properties. 
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t^itre, ot tatlpetn, ia ut srtiScu] wbetencs vhiicb VSJ^' 
lues in aix-sidGd prtaou wjtb angles of about I2D°. It bekwgB 
to tbe prismatJC syBtem of Mohs, and has therefore two axea 
of double refractioD liong which a ray of light is not divided 
into twa These axes are each bcllned about 2)° to the aiii . 
of the prism, and about 5° to each other. I^ theretbre, we cut 
off a piece oC a priam of nitre with a knife driven by a amart 
blow from a hammer, and polish two flat sur&ces perpendicu- 
lar to the axis of the prism, eo as to leave a thicluess of the 
aixtb or ei^th of an inch, and then transmit the polarized 
light r a, ^. 94., alone- the axis of the priara, faeeping the 
crygCal aa near to the ^te B as poAble on one aide, and the 
eye as near it aa posdble on the other, we shall see the douUp 
eyatem ofrinf^ A B, shown in^. 100., when the plane paw- 
ing through £e two axes of nitre is in the plane of primit'va 

Kg- vxt. >U- ">l- 



polariiatiwi, OT in the plane of reflexion r i O, Jig. M., and 
Qie system shown in^. 101. when the same plane is inclined 
45° to either of these planes. In paawig (Km the state of 
J!g. 100. to that of ^f. 101., the black lines assume the forms 
shown in^». 102. and 103. 

These systems of rings have, generally speaking, the same 

cobra as those of thin Pjate^ or as those of the systems of 

rings roond one axis. The orders o( colcss commence at th* 

PS 
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centrea A uid B of each sptem ; bat at a certain dirtanee, 

which inj^. 100. ccarespondii to Uie aiith ring, the ringi, in 

Hf . m ng. IDS. 




placB of tetuming aod encircling each pote A and B; encir- 
cle the two poles as an ellipse does its two fbcL 

When we diminish the thickneae of the plate of nitre, die 
rings enlarge ; the fifth rine will then surround both poles. 
At a lees tbicknees, the four^ ring will surround them, till at 
last all the rings will surround boUi poles, and Ihe B}'Btem will 
have a great resemblance to the system surrounding one axia. 
The place of the poles A, B never changes, but the black 
lines A B, C D become broad and indefinite; and the whrfe 

Sstem ia distinguished from the single system principally bj 
9 oval appearance of the rings. 

If we increase the thickness of the nitre, the rings will di- 
minish in size ; the colors will lose their resemblance to those 
of Newton's scale; and the tints do not commence at the 
poles A, B, but at virtual poles in their proximity. The color 
of the rings within the two poles ia red, and without them 
Uiw ; and the great body of the rings is pink and green. 

As the same color exists in every part of the same curve, 
the curves have been called Uockromalic lines, or linei of 
equal tint. The Ibes or axes along which there is no douhla 
refraction or polarization, and whose poles are A, B, Jig. 100,, 
hare been called optictd axes, or axes of no polarizalwn, or 
axes of compeiaatiim, or resvllarU axes ; because they have 
jiMn Kiimd not to be real axes, but lines along which the op- 
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posite Bctiona of other two real axes have been 
or deatroy one another. 

(liy.) In varbus crysplallized bodies, such as ntire and ar- 
ragonitp, where the inclination of the ratdtant axeg. A, B; 
fyf. 100., is small, the two syslcms of rings may be easily 
seen at the same time; but when the inclination of the Tesult- 
, ant Bxea 'm great, as in topaz, rndphale of iron, &c., we can 
only see one of the systems of rings, which may be done moat 
advantageously by grinding and polishing two parallel facei 
perpendicular to the axis of the rings. In jaica and topaz, 
end various other crystals, the plane cs most eminent cleavage 
is equally inclined to the two resultant axes ; so that in such 
bodies the Byetems of rings may be readily found and easily 
exhibited. 

Let M N, for example, ^f. 104., be a pdate of topaz, cut or 
. split BO as to have its taco perpendicular to the aiis of the 

Fif.VA. 




priam in which this body crystallizes. If we place this plat«^ 
fig. 104., in the apparatus^. 94. so that the polarized i^ r«, 
K i(u; fig-9i; pajees along the line ABeE, 

fig- 104., and if the eye receives thi« 
ray when reflected from the analyziiuf 
[^ate B, it wi]| see in the direction of 
that ray s system of oval rings, like 
that mfiff.im. In l:' 



I other system perfectly similar to the 
I Btvl ThelinesABeEandCBiiD 
I are, therefore, the resultant axes of 
F topaz. The angle ABC will be fotmd 
equal to about ISl" 16' ; but if we 
compute the inclination of the retract- 
ed rays B (i, B e, we shall find it, o* 
the angle ij B e, to be only 65° ; whidi 
is, therefore, the inclinaticai of the qp 
tiaU or retultani lucet of topaz. 
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M we suppose the plate of nitre fixed in any of the positions 
which give any of the rings shown in Jigs. 100, 101, 102, or 
103. y then, if we turn round the plate B, we shall observe in 
the azimuths of 90° and 270^ a system of rings complement- 
ary to each, in which the black cross in Jig, 100. and the 
black hyperbolic curves in fys, 101. 108. are white, all the 
other dark parts light, and the red green, the green red, &c. 
as in the single system of rings with one axis. 

In the preceding observations we have supposed the polari- 
zation of the incident light, and the analysis of the transmitted 
light, to be necessary to the production of the rings ; but in 
certain cases they may be shown by common light with the 
analyzing plate, or by polarized light without the analyzing 
plate B, and in some cases without either the light being po- 
Wize^ or analyze^. If in topaz, for example, fig, 104., we 
allow cpmmon light to fall in the direction A !^ so as to be 
refracted along Be, one of the resultant axes, and subsequently 
reflected at e from the seccxid sur&ce, and reaching the eye 
at c, we shall see, after reflexion from the analyzing plate, 
the system of rings in fig, 105. ; or if A B is polarized light, 
the rin^ will be seen by the eye at c without an analyzing 
plate. There are several other curious phenomena seen under 
these circumstances, which I have described in the Phil, 
Transactions for 1814, p. 203. 211. 

I have found some crystals of nitre which exhibit' their 
rings without the use either of polarized light or an analyzing 
pbUe ; and Mr. Herschel has found the same property in mxnp 
crystals of carbonate of potash. 

(1200 When the preceding phenomena are seen by polar- 
ized homogeneous light, in place of white light, the rings are 
bri^t curves, separated by dark intervals ; the curves having 
always the color of the light employed. In many crystals the 
difl^rence in the size of the rings seen in difierent colors is 
not very great, and the poles A, B of the two systems do not 
greatly change their place ; but Mr. Herschel £)und that there 
were crystaJb, such as tartrate of pottfsh and soda, in which 
the vanation in the size of the rings was enormous, being 
greatest in red, and least in violet liffht, and in which the 
distance A B,jSgs, 100. 101., or the inclination of the resultant 
axes, varied from 5GP in violet light to 76^ in red, the inclina- 
tion having intermediate values for intermediate colors, and 
the centres of all the diflerent systems lying in the line A R 
When all these systems of rings are combined, as they are in 
usin^ white light, the system of rings which ^ey form is ex- 
ceedmgly irregular, the two oval centres, or the halves of the 
fast oraer of colors, being drawn out with long e^iectm or 
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tails of red, green, and violet liffbt, and the ends of all the 
other rings ^ing red without the resultant axes, and blue 
within. 

Mr. Herschel found other crystals in which the rings are 
smallest in red, and largest in bluie light, 'and in which the 
inclination of the axes or A B is least in red, and greatest in 
violet light 

In all crystals of this kind, the deviation of the tints, or the 
colors of the rings seen in white light, from Newton's Table 
is ver^ considerable, and may be calculated from the preceding 
principles. This deviation i found to be very great^ even in 
crystals with one axis of double refraction and one system of 
rings, such as apophyllite where the rings have scarcely any 
other tints than a succession of greenish yellow, and reddish 
purple ones. By viewing these rings in homc^eneous light, 
Mr. Herschel has found that the system is a negative one for 
the rays at the one end of the spectrum, a positive one for the 
rays at the other end of the spectrum, and that there are no 
rings at all in yellow light, 

A similar and equally curious anomaly I have found in 
glauberite, which is a crystal which has two axes of double 
refraction, or two systems of rings for red light, and one nega- 
tive system for Violet light. 

(121). All the singularities of these phenomena disappear, 
and may be rigorously calculated by supposing the remltant 
axes of crystals where there are two, or the siujgle axis where 
there is one, with a system of rings deviating from Newton's 
scale, as merely apparent axes, or axes of compensation, pro- 
duced by the opposite action of ttoo or more rectangular axes, 
the principal one of which is the line bisecting the angle 
formed by the two resultant axea Upon this principle, I have 
shown that ail the phenomena presented by such crystals may 
be computed with su3 much accuracy as we can compute the 
motions of the heavenly bodies. 
The method of doing this may be understood from the fol~ 

lowing observations. Let A C B D, 
'*s fig' 106., be a crystal with two axes 
turned into a sphere. Let P, P be the 
poles of the axes, O the point bisecting 
them, and A Ba ttne passing through 
JB O, and perpendicular to C D, a line 
passing through P, P. Let us supi)ose 
an axis to pass through O, perpendicu- 
lar to the plane A C B D, then we may 
account for all the phenomena of such 
crystals, by supposing the axis at O to be the principal one, 
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and the other axis to be al<mg either of the diameters A B or 
C D. If we take C D, then the axes O and C D must be boOi 
of the same name, either both positive or both neffative ; bat 
if we take A B, the axes mnst be one positive and the other 
negative ; or, what is perhaps the simplest supposition for il- 
lustratiop, we E^all suppose the two rectangular axes which 
produce all the phenomena to be A B, C D, either both positive 
or both negative, leaving out the one at O. Supposing A O B, 
C P P D to be projections of great circles of the sphere, then 
P, P are the points where the axis A B destroys the effect of 
the axis C D ; that is, where the tints produced by each axis 
must be equal and q)p06ite. Now, if we suppose the arch 
C P to be 60^, then, since A P is 90°, it follows that the axis 
C D produces at 60° the same tint that A B does at 90°, and 
consequently the polarizing intensity of C D will be to that 
of A B as the square of the sine of 90° is to the square of the 
sine of 60°, or as 1 to 0-75, or as 100 to 75. The polarizing 
force of each axis being thus determined, it is easy to find the 
tint which will be produced by each axis separately at any 
given inclination to the axis, by the method formerly explain- 
ed. Let E be any point on the surface of the sphere, and let 
the tints produced at that point be 9, or the blue of the second 
order, by C D, and 16, or the green of the third order, by A R 
Let the inclination of the planes passing through A E, C £<, 
or the spherical angle C E A be determined, then the tint at 
^e point E will correspond to the diagonal of a parallelogram 
whose sides are 9 and 16, and whose angle is double the angle 
C E A. This law, which is general, and applies also to double 
refraction, has been confirmed by Bipt and FVesnel, the last 
of whom has proved that it coincides rigorously with the law 
deduced from the theory of waves. 

If the axes A B, C D are equal, it follows that they wiH 
produce the same tint at equal inclinations ; that is, they wiM 
compensate each other only at one point, viz. O, and will pn> 
duce round O a system of colored rin^, the very same as if 
O were a single axis of double refraction of an opposite name 
to A B, C D. If the axis A B has exaatly the same propor- 
tional action that C D has upon each of the differentiy colored 
rays, a compensation will take place for each color exactiy at 
O, the centre of the resultant systems of rings, and the colors 
will be exactly those of Newton's scale. But if each axis ex- 
ercises a different proportional action upon the colored rays, a 
compensation will take place at O for some of the rays (for 
violet, for example), while the compensation for red will take 
place on each side of O ; consequently, in such a case the 
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crystal will have one axk £>r violet light, and two tuns for re^ 
I^ht, like glauberite. 

The phenomena of apopkyHite may, in a similar manner, 
be explained by two equal negative axes, A B, C D, and a 
peeitive axis at O. 

According to this method of combining the action of dif* 
ferent rectangular apces, it follows that three equal and rectan- 
gular axes, either all positive or all negative, will destroy one 
another at every point of the rohere, and thus produce the 
very same effect as if the crystal had no double refraction and 
polarization at all. Upon this principle I have explained the 
absence o,f double refraction in all the crystals which form the 
tessular system of Mohs, each of the primitive forms of which 
has actually thre^ similarly situated and rectangular axe& If 
one of these axes is not precisely equal to the other, and the 
crystallization not perfectly unirorm, traces of double refrac- 
tion will appear, which is found to be the case in muriate of 
toda^ diamond^ and other bodies of this class. 

(122.) The following table contains the polarizing inten- 
sities of some crystals with ^100 axes, as given by Mr. Her- 
schel : — 

Peiarixing Intensitiea of Crystals with Two Axes, 





Vaiwor 

hithwt 
Tint. 


thMuMM Oat 

proitace the «me 
Tlyt. 


tiitrpt - - -- 


7400 

1900 

1307 

521 

249 


0-000135 
0K)00526 
0*000765 
0-001920 

0H)0402l 


Anhydrite, inclination of axes 43° 48^ 
Miea, inclination of axes 450 ... 

Sulphate of baryta 

Heolandite (white), inclination of( 
axes 54017' I 



CHAP. XXIV. 

fNTlatFratlBllCB OF FOLAJUaOED LieHT.-*ON THX OAOBB OF THI 
COLCms OF GRTSTAUJaOED IKKDIB0. 

(123.) Hayino thus described the principal phenomena of 
the colors produced by regularly crystallized bodies that pos- 
sess one or ttoo axes of double refraction, we shall proceed to 
explain the cause of these remarkable phenomena. 

Dr. Young had the great merit of applying the doctrine of 
interference to explam the colors produced by double refrac- 
tion. When a pencil of light fiills upon a thin plate of a 
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doably refracting crjrstaJ, it is separated into two, which move 
through the plate with different velocities, corresponding to 
the different indices of refraction for the ordinary and extra- 
ordinary ray. In calcareous spar, the ordinary ray moves 
with greater velocity than the extraordinary one ; and there- 
fore uiey ought to interfere with one another, and in homo- 
geneous light produce rings consisting of bright and dark cir- 
cles round the axis of double refraction. According to this 
doctrine, however, the rings ought to be produced in common 
as well as in |)olarized light; but as this was not the case, Dr. 
Young's ingenious hypo£esis was long neglected. The sub- 
ject was at last taken up by Messrs. fresnel and Arago, who 
displayed great address in their investigation of the subject, 
and succeSed in showing how the production of the rings de^ 
pended on the polarization of the incident pencil and its sub- 
sequent anal3rsis by a reflecting plate or a doubly refracting 
prism. 

The following are the laws of the interference of polarized 
light as discovered by MM. Fresnel and Arago : — 

1. When two rays polarized in the same plane interfere 
with each other, they wiU prodtice by their interference fringes 
of the very same kind as if they were common light. 

This law may be proved by repeating the experiments on 
the Inflexion of light, mentioned in Chap. XI., in polarized in 
place of common light ; and it will be found that the very 
same fringes are produced in the one case as in the other. 

2. WAen two rays of light are polarized at right angles 
to each other, they produce no colored fringes in the same ctr- 
cumstances under which two rays of common light would 
produce them. When the rays are polarized at angles inter^ 
mediate between 0° and 90°, they produce fringes of inter- 
mediate brightness, the fringes bein^ totally obliterated at 
90°, and recovering their greatest brightness a£ 0°, as in 
Law 1. 

In order to prove this law, MM. Fresnel and Arago adopted 
several methods, the simplest of which is the following, em- 
ployed by the latter. Having made two fine slits in a thin 
folate of copper, he placed the copper behind the focus F of a 
ens, as in fig, 56., and received the shadow of the copper 
upon the screen C D, where the fiinges produced by the inter- 
ference of the rays passing through the two slits were visible. 
In order, however, to observe the iringres more accurately, he 
viewed them with an eye-glass, as formerly described. He 
next prepared a bundle of transparent plates, like either of 
those shown at A and B,^^. 93., made of fifteen thin films of 
mica or plane glass, and he divided this bundle into two, by 
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a sharp cutting instrument At the line of division these 
bundles had as nearly as possible the same thickness, and they 
were capable of polarizing completely light incident upon 
them at an angle of 90^. These bundles were then placed 
before the slits so as to receive and transmit the rays from the 
fecus F at an incidence of 30^, and through portions of the 
mica in each bundle that were very near to each other pre- 
vious to their separation. The bundles were also fixed to re- 
volving frames, so that, by turning either bundle rounds their 
planes of polarization could be made either parallel or at rijgrht 
angles to each other, or could be inclined at any intermediate 
angle. When the bundles were placed so as to polarize the 
rays in parallel planes, the fringes were formed by the slits 
exactly as when the bundles were removed; but when the 
rays were polarized at 90^, or at right angles to each other, 
the fringes wholly disappeared. In all intermediate positions 
the fringes appeared with intermediate degrees of brightness. 

8. Two rays originally polarized at right angles to each 
other may he subseqiiently brought into the same plane ofpo' 
larization^ without acquiring the power of forming fringes 
by their interference. 

If, in the preceding experiment, a doubly refracting crystal 
be placed between the eye and the copper slits, having its 
principal section inclined 45^ to either of the planes of polari- 
zation of the interfering rays, each pencil will be separated 
into two equal ones polarised in two rectangular planes, one 
of which planes is the principal section itself. Two systems 
of fringes ought, therefore, to be produced ; one system from 
the interference of the ordinary ray from the right hand slit 
with that of the ordinary ray from the left hand slit^ and an- 
other system from the interference of the extraordinary ray 
from the right hand slit with the extraordinary ray from the 
left hand slit ; but no such fringes are produced. 

4. Two rays polarized at right angles to each other, and 
afterwards brought into similar planes of polarization, pro- 
duce fringes by their interference like rays of common light, 
provided they belong to a pencil, the whale of which was 
originaUy polarized in the same plane. 

5. In the phenomena of interference produced by rays that 
have suffered double refraction, a difference of half an undu- 
lation must be allowed, as one offhe pencils is retarded by 
that quantity from some unknown cause. 

The second of these laws afibrds a direct explanation of 
the fact which perplexed Dr. Young, that no fringes are ob- 
served when light is transmitted through a thin plate possess- 
ing doijble refractioD The two pencils thus produced do r\f>* 

Q 
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form frin^ by their interference, because they are polarized 
in opposite planes. 

The production of the fringes by the action of doubly re- 
fracting ciystab on polarized light may be thus explained. 
Let M N,jig' 107., bs a section of the plate of sulphate of 
ji^, X07. lime, C E D F, J?^. 94., and B the anap 

lyzing plate. Let R r be a polarized 
ray incident upon the plate M N, and 
let O and £ be the ordinary and ex<* 
_^^^^^ traordinary rays produced by the 
^^^^B double refraction of the plate M N. 
When the plate MN is in such a po- 
S sition that either of its neutral axes 

C D, E F, fig, 94.^ are in the plane of primitive polarization 
of the ray R r,Jig. 107., then one of the pencils will not suf- 
fer reflexion by the plate B, and consequently only one of the 
rays will be reflected. Hence it is obvious that no colors can 
be produced by interference, because there is only one ray. 
But in every other position of the plate M N, the two rays, 
O 5, E 5, will be reflected by the plate B ; and being polarized 
by the plate in the same plane, they will, by Law 1., interfere, 
and produce a color or a fringe correspondinj? to the retardation 
of one of the rays within the plate, arising n-om the di^rence 
of their velocities. If we call d the interval of retardation 
within the plate M N, we must add to it half an undulation 
to get the real interval, as one of the rays passes from the o]> 
dinary to the extraordinary state. If we now suppose the 
plate B to make a revolution of 90°, M N remaimng fixed, 
then the ray E will be reduced to the ordinary state ; and con- 
sequentlv we must subtract half an undulation from (2, the in- 
terval of retardation within the plate, to have the real di^r- 
ence of the intervals of retardation. Hence the two intervals 
of retardation will difler by a whole undulation ; and conse* 
quently the color produced when the plate B has been turned 
round 90°, will be complementary to that which is produced 
when the plate B has the position shown injS^. 107. 

If we suppose the rays E and O to be received upon and 
analyzed by a prism of Iceland spar, we shall have two or- 
dinary rays interfering to form the colors in one image, and 
two extraordinary rays interfering to produce the cotnplement- 
ary colors in the other imase. 
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CHAP. XXV. 



(134.) Ih a preceding chapter I have mentioned the very 
reiDukoble double refraction which is posaessed by analcime. 
Tbia mineral, which ia bIbo csUed cubizUe, has been regarded 
bv mineralogists as having the cnbe for its primitive form ; bnl 
if thifl were correct, it should have exhibited no double refrac- 
tion. Analcime baa certainly no cleavage planes, and it must 
be regarded at preeent as forming in this respect as great an 
anomaly in crjetallography as it does in <^tice by its extra- 
ordinary optical phenomena. 

The moat common tbrm of the analcime is the solid called 
(he icotUetrahedron, which is bounded bv twenty-four equal 
and similar trapezia ; and we may regard it as derived Rom 
the cube, by cutting off each of its angles by three planes 
equally inclined to the three feces which contain the solid 
angle. If we now conceive the cube to be dissected by planea 
passing through all the twelve diagonals <d* its six &ces, each 
of these pUnes will be found to be a plane of no double re- 
fraction, or polarization ; that is, a ray ot polarized light trans- 
mitted in any direction whatever, provided it is in one of these 
planes, will exhibit none of the polarized tints when tlie 
wyatttl is placed in the apparatus, ^. 94. These planes of 
o double refraction are ^wd by dark lines in Jigi. 108. and 
109. If tbe polarized ray ia in- 
cident in any direction which 
is out of these planes, it will 
be divided into two pencils, and 
exbiUt the finest tmts, all of 
which are related to the planes of 
no double refraction. The douUe 
refraction ia sufficiently great lo 
admit a distinct sepuation i^ tbe 
inragea when ' the incident ray 
passes through any pair of tha 
tour planes which are adjacent ta 
, the three axes of the solid, or of 
k the cube from which it is derived, 
r Tbe least refracted image is tbe 
extraordinary one; and coose- 
quently the double refractioD is 
negative in relation (o the axes 
to which the doubly retracted ray 
is perpendicular. 



Hf. m. 



nt. vs. 
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In all other doubly refracting crystals, each particle has the 
same force of double refraction; but in the analcime, the 
double refraction of each particle varies with the square of its 
distance from the planes already described. 

The beautiful distribution of the tints shown in Jigs, 106. 
and 109. cannot, of course, be exhibited to the eye at once, 
but are deduced by transmitting polarized light in every 
direction through the mineral 

In several of the crystals, the tints rise to the third and 
fourth order ; but when the crystals are very small, the tints 
do not exceed the white of the first prder. The tints are ex- 
actly those of Newton's scale, which indicates that they are 
not the result of opposite and dissimilar actions. In Jigs. 108. 
and 109. the tints are represented by the &int shaded lines 
having their origin from the planes where the double refrac- 
tion disappears. 

The preceding property of analcime is a simple and easily 
applied mineralogical character, which would identify the most 
shapeless fragment of the mineral. 

The abbe Hauy first observed in this mineral its property 
of yielding no electricity by friction, and derived the name of 
analcime from its want of this property. When we consider 
that the crystal is intersected by numerous planes, in which 
the ether does not exist at all, or has its properties neutralized 
by opposite actions, we may ascribe to this cause the difficulty 
with which friction decomposes the natural quantity of elec- 
tricity residing in the mineral 



CHAP. XXVL 

ON CIRCULAR POLARIZATION. 

(125). In all crystals with one axis there is neither double 
refraction nor polarization along the axis ; and this is indicated 
in the system of rings, by the disappearance of all light in the 
centre of the rings at the intersection of tlie black cross. 
When we examine, however, the system of rings produced 
by a plate of rock crystal whose faces are perpendicular to the 
axis, we find that the black cross is obliterated witliin the 
inner ring, which is occupied with a uniform tint of red, 
green, or blue, according to the thickness of the plate. This 
efiect will be seen in Jig, 110. M. Arago first observed 
these colors in 1811. He found that when they were analyzed 
by a prism of Iceland spar, the two images hBui complementary 



•cilan^ (ud that tfae cctei chained, iewcnding in {fcvtm'B 

#V. IN. tcde as tfac priam revdveid ; k that if 

tin Gcdor of the extiaordinvy iiMg* 

WM rod, it beawDe in loocMRion omnre, 

jwUoio, gTveit, and vioUt. Fmn tbk 

^ result ha cmcluded, that the difierentlT 

I colored nja bad been polarized in dit 

I ferent planes, b; psasing along the axii 

' at the rock crystaL In this state <;f the 

ettbject, it wu taieu up by M. Biot, who 

investigated it with much sagacity and 

Let C E D F be the plate of quarts, Jig. H., akn^g whcae 
axis a polariied ray, ri, ie tranBDiitted. When the eys is 
fkeeA at O, above the uial^zing plate fixed as in the figure. 



^ tor example, a circular red space in the centre of 

„_ If we turn the quartz round its acia, no change 

whatever takes place ; but if we turn the plate B from right 



to left, through an angle of 100'' for example, we shall observe 
&e red change to omn^e, yeUoa, green, and violet, the latter 
baring a dark purple tinge. If we now cut from the same 
u of rock crystal anouier plate of twice the thickneae, and 



fanner plate ; but by turning the plate B 100° tkrther, we 
dial] again bring the tbt to its least brightness, viz., a sombre 
(ioleL By a pUte thrice as thick, the least brightness wiU 
be obtained by turning the plate B 100° farther, and so aa, till, 
•vhen the thickness is very great, the plate B muy have made 
teveral complete revolutiona. Now, it might happen that a 
thickness had been taken, so thai the rota,ti<ai of B which pro- 
duced the Bombre violet was 360°, or tenniuated in the point 
n°, from which it set out, which would have perplexed the 
observer, if he had not made the succeasion of experiments 
which we have menttonod. 

This phenomenon will be better understood, by supposing 
that we take a plate of qutirlz Ath of an inch thick, and use 
Ihe di^rent homogeneous ravs of the spectrum in succession. 
Beginning with red, wo shall find that the red light in the 
centre of Ihe rings has its maximum brightneii when the 
>l8te B is at 0° of azimuth, as in ^. ^ If we turn B frun 



•igkt to /e/i, the red tint wilt giadually decrease, und after a 

,_.„ .1^^ ^^ ^j ^jjj yj^ij^y vanish, having reach- 

With a plate ^ths thick, the red will 

■anisb at S5°, every additional thickness of the 25th of an 

'neb requiring an additional rotation of 171°. If Ihe light is 
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vUdet, the same thickness, viz., ^th of an inch, will require a 
rotation of 41° to make it vanish, every additional 25th of 
an inch of thickness requiring a rotation of 41° more. 

(126.) The rotations for dmerent colors corresponding to 1 
millimetre, or ^th of an inch of quartz, are as foUows: — 



Homogeuou lUqr. 


Am of 
Rotation. 


HomogMieova Bay. 


Azcaof 

aotaunB. 


Extreme red 

Mean red 

Limit of red and orange - 

Mean orange 

Limit of orange and yellow 

Mean yellow 

Limit of yellow and green- 
Mean green ... 


170 30' 

19 00 

20 29 

21 24 

22 19 

24 00 

25 40 
27 51 


Limit of green and blue - 

Mean blue 

Limit of blue and indigo 
Mean indigo .... 
Limit of indigo and violet 
Mean violet ..-.'. 
Extreme violet - • - 


30O03' 
32 19 
34 34 

36 07 

37 41 
40 53 
44 05 



Upon trying various specimens of quartz, M. Biot found 
that there were several in which the verv same phenomena 
were produced by turning the plate B from left to rifht 
Hence, in reference to this property, quartz may be divided 
into right-handed and left-handed quartz. 

Prom these interesting facts it follows, that, in passing 
along the axis of quartz, polarized light comports itself at its 
egress from the crystal, as if its planes of polarization revolved 
in the direction of a spiral withm the crystal, in some speci- 
mens from right to left and in others from left to right. •* To 
conceive this distinction," says Mr. Herschel, " let the reader 
take a common cork-screw, and holding it with the head to- 
wards him, let him turn it in the usual manner as if to pene- 
trate a cork. The head will then turn the same way as the 
plane of polarization of a ray, in its progress from the spec- 
tator through a. right-handed crystal, may be conceived to do. 
If the thread of the cork-screw were reversed, or were what 
is termed a left-handed thread, then the motion of the head 
as the instrument advances would repre*sent that of the plane 
of polarization in a left-handed specimen of rock crystal." 

From the opposite characters of these two varieties of quartz, 
it follows, that if we combine a plate of right-handed with a 
plate of left-handed quartz, the result of the combination will 
be that of a plate of the thickest of the two, whose thickness 
is equal to the difference of the two thicknessea Thus, if a 
plate J^th of an inch thick o^ right-handed quartz is combined 
with a plate Aths thick of left-handed quartZj the same colors 
will be produced as if we used a plate ^'^ths of an inch 
thick of left-handed quartz. When the thicknesses are equal, 
the plates of course destroy each other's effects, and the sys- 
tem of rings with the black cross will be distinctly seen. 

(127.) In examining the phenomena of circular polarization, 
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in the ametkyist, I feund tbat it poBBessed the power in the 
same specimen of tumingf the planes of polarization both 
from right to left and from left to rights and thtut it actaally 
consisted of alternate HrtUa of right and left-handed quartz^ 
whose fktnes were parallel to tiie axis of double refraction of 
the prism. When we cat a plate perpendicular to the axis of 
the prism, we therefore cut across these strata, as shown in 
Jig, 111., which exhibits sections of the. strata which occur 
Fig. HI. opposite the three alternate faces of the 

six-fiided prism. The shaded lines are 
those which turn the planes of polariza^ 
tion from right to lefty while the inter- 
mediate unshaded ones and the three un- 
shaded sectc»^ turn them from left to 
right. These strata are not united to- 
gether like the parts of certain composite 
crystfkbs, whose dissimilar feces are 
brought into mechanical contact ; for the 
right and left-handed strata destroy each 
other at the middle line between each stratum, and each stra- 
tum h^ its maximum polarizing force in its middle line, the 
farce diminishing gradually to the lines of junction. 

In some specimens of amethyst the thickness of these strata 
is so minute, that the action of the right-handed stratum ex« 
tends nearly to the centra] line of the left-handed stratum^ 
and vice versd, so as nearly to destroy each other ; and hence 
in such specimens we see the system of colored rings with 
the black cross almost entirely uninfluenced by the tints oi 
circular polarization. A vein of amethyst, therefore, ^th of 
an inch thick in the direction of the axis, may be so thin in a 
direction perpendicular to the axis that the arc of rotation for 
the red ray may be 0° ;' and we shall have the curious phe- 
nomenon of a plate which polarizes circularly only the most 
refrangible rays of the spectnim. By a greater degree of 
thinness in the strata, the plate would be incapable of pol^j^" 
izing circularly the yellow ray ; and by a greater thmness 
still, there would be no action on the violet light These 
feeble actions, however, might be rendered visible at great 
thicknesses of the mineral. 

We may therefore conclude that the axes of rotation in 
amethyst vary from 0^ to each of the numbers in the preceding 
table, accordmg to the thickness of the strata. 

The coloring matter of the amethyst I have found to be 
curioxisly distributed in reference to these views ; but I must 
refer to the original memoir for fiurther information.* 

* Edinburgh TransaetiouSf vol. ix. p. 139. 
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M. Biot mnntaincd tiiat tiiis remarkable pra|ierty of quarts 
resided id its ultimate particleB, and aecompanied them in aH 
their oombinationB. I have foimd, however, that it is not po»' 
tO B Dc d by opal^ tabathetfy and other silicious bodies, and that 
it disappears in mdted qaartz, Mr. Herschel also found that 
it does not exist in a solution of siliea in notash. 

Hitherto no connexion goum be traced between 
the right and left-handed structure in (juartz, and 
the crystalline form of the roecimens which possess- 
ed these properties. Mr. Herschel, however, dis- 
covered that the plagiedral quartz wluch contains 
unsymmetrical &ces, » x x^fif, 112., tarns the planes 
of polarization in the same direction in which these 
ilbceB lean round the summits Kxx, ax x* 

Circular Polariz($tion in Fluids, 

(128.) The remarkable property of polarizing light circu- 
larly occurs in a feeble degree in certain flui£, in which it 
was discovered by M. Biot and Dr. Seebeck. Mr. Herschel 
has found it in camphor in a solid state, and I have discovered 
ft in certain specimens of unannealed glass. If we take a 
tube six or seven inches long, and fill it with oil of turpentine, 
and place it in the apparatus, Jig, 94., so that polarized light 
transmitted through the oil may be reflected to the eye from 
the plate B, we shall observe the cofmpleraentary co1(hs and a 
distinct rotation of the plane of polarization from right to left. 
Other fluids have the property of turning the planes cf polari> 
zation from left to rtghty as shown in the following table, 
which contains the results of M. Biot's experiments. 

Cryskdt wkich turn the Planet frcm Right to L^. 



Rockcryfltal 

Oil of turpentine 

Solution en 1753 parts of artificial camphor ) 

in 17369 of alcohol ) 

Easendai oil of laurel. 



turpentine. 



Arc or ftotatiaa 
tn •very ttth 
of an inch ia 
Thirknew. 



180 25' 
16 

01 



RelatlTe Thick- 

OMM ttat 

prednM tbs 
•ame Ukt-t 



1 

68^ 



CrysUda which turn the Planes from Lefl to Right 





AreoTKoUtioii 
tor erery Mth 
of an incb ia 
ThirlinrM. 

180 25' 
36 
S3 


R«latiTe Tkick- 
aiaw* tkat 

r-oduce tha 


Vf<^r>lr <>mratftl ••••^>-_>a'- 


1 

33 


Essential oil of lemons 

Concentrated syrap (flora sugar) - . - - 
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III exam'miag these pbenomena, M. Freoiel dbeorered that 

ID quartz they were produced by the inlerfereDce of two 

Sncilstbrmed bf double refaction along the ruisof the quartz. 
i succeeded in separating these two pencils, which differ 
both from common and polarized light They difler from 
polarized ligl^ because when either of them k doubled bv a 
doubly rctractinz crystal, the pencil or image never vaoi^iea 
during the revolution of the crystsL They difier trom com- 
mon light, because whea they sufier two total reflexbos from 
glaai, at an aagle of about 54°, the one will emerge polarized 
in a plane indmed 45° lo the right, and the other in a plane 
45° to the 1^ of the plane of total reflexion. M. Fresnel 
has also discovered the tbllowingp properties of a circularlj 
polarized ray : — When it is tranamitted through a thin doublj 
refracting plate parallel to its axis, it is divided into two 
pencils with complenientary colors ; and these colors will be 
an exact quarter of a tint, or an order of colors, either higher 
(ff loWer m Newton's scale, than the color which the same 
crystallized plate would have given by polarized light U. 
Fresael also proved that a circularly polarized ray, when 
tntismitted along the axis of rock crvstal, will not exhibit the 
complementary colors when analyzed. 

(139.) Id the prosecution of thiis curious subject, M, Fresnel 
discovered the following method of producing a ray posBeesiiig 
all the above propertiea, and theretore exactly stiniiar to one 
of the pencils [voduced l:^ circular double tefractioa Let 
A B C D, fir. lia, be a paraUelopiped of crown ^ass, whose 
index cf re&actioii is 1-510, and whose angles A B C, A D C 
are each 54^°, If a common polarized lay, R r, is incident 
ng. 111. perpendiculcurly upon A B, and emei^ies 

perpendicularly tiom C D, aAer having 
safiered two total reflexions at £ uid F, at 
angles of 54^°; and if these reflexions are 
performed in a plane inclined 45° to the 
plane of polarization of the ray, the emer- 
gent ray P G wilj have all the properties 
oTa circnlarly polarized ray, resembling in 
eveiT respect one of those produced br 
double re&action along the axis of rock 
crystal But as this circnlarly polarized 
ray may be restored to a single plane of 
polarization, inclined 45° to the plane of reflexfon, by two 
total reflexions at 54J°, it foUovra, and I have verified the re- 
mit by observation, that if the parallelepiped A B C D is 
MlBcJently long, the pencil will emerge circularly polarized, 
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at 2, 6, lOt 14, 18 reflexions, and polarized ki a single plane 
after 4, 8, 13, 16, 20 reflexions. 

M. Fresnel proved that the ray R r would emefrge at G, 
circularly pdarized hy three total reflexions at 69° 12^ and 
fimr total reflexions at 74° 42'. Hence, according to the pre* 
ceding reasoning, the ray will be circularly pokrized by 9, 
15, 21, 27, &c. reflexiois at 69° 12', and restored to eommoii 
polarized light at 6, 12, 18, and 24 reflexions at the same 
angle ; and it will be circularly polarized by 12, 20, 28, 36, 
&c. reflexions at 74° 42*, and be restored to common polar- 
ized light by 8, 16, 24, 32, &c. reflexiona. 

I have found that circular polarization can be pitduced by 
2^, 7^, 12^, &c. reflexions, or any other number which is a 
multiple 01 2^ ; &>v though we eannot see ibe lay in the mid* 
die of a reflexion^ yet we can show it when it is jpestored to a 
single plane of polarization, at 5, 10, 15 reflexi(»)&* When 
we use homo^neous light, we find that the anefle at whicb 
circular polarization is produced is di^rent fer t£& di^rently 
colored rays; and hence these diflerent rays cannot be restcHred 
to a sii^le plane of polarization at the same angle of reflexionw 
Com^ementaiy cok>rs will therefore be produced, such as I 
described loi^ ago, and which, I believe, have not been ob-^ 
served by any othei* per9on.f These colors are essentially 
diflerent from those or common pcJarized light, and will be 
imderstood when we come to explain those dt elliptical polar-^ 
ization. 



CHAP. XXVIL 
mx mjdFVHfAJL tatAMizjkVion, axd ov the action of 

METAUI Vnm LIGHT. 

On EUipticat Pohrvstttiim. 

(130.) The sudum at metals upon light has alwii^s present* 
cd a troublesome anomaly to the phil^pher. Mains at first 
announced that they produced no efieet whatever; but he* 
afterwards &und that the difllerence between transparent anJ 
metallic bodies consisted in this, — that the former reflect all 
the light which they pokrize in one ^ane, and refract all the 
light which they polarize in an opposite plane ; while metallic 
hodies reflect vmat they polarize in both planes. Be&re I was 

♦ See Phil. Transactions^ 183fl, p. 301. 
t See Phil. Transactions^ 1JB30» p. 9Q9.3SSL 
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acquainted with any of the experiments of Mains, 1 had foaad* 
that light was modified hy the action of metallic hodies ; and 
that, in all the metals which I tried, a great porUon of light 
was polarized in the plane of incidence. In February, 1815, 
I discovered the curious property possessed by stiver and gold 
and other metals, of dividing polarized rays into their comple- 
mentary colors by successive reflexions : but I was mi^ed by 
some of the results into the belief^ that a reflexion from a 
metallic surface had the same effect as a certam thickness, of 
a crystallized body; and that the polarized tints varied with 
the angle of incidence, and rose to higher orders, by increasing 
the number of reflexions. M. Biot, in repeating my experi- 
ments, and in an elaborate investigation of the phenomena,t 
was misled by the same causes, and has given a lengthened 
detail of experiments, formulse, and speculations, in which all 
the real phenconena are obscured and confounded. Although 
I had my full share in this rash generalizatii»i, yet I never 
viewed it as a correct expression of the phenomena, and I 
have repeatedly returned to the subject with the most anxious 
desire of surmounting its difficulties In this attempt I have 
succeeded ; and I have been enabJed to refer all the phenomena 
of the action of metals to a new species of polarization, which 
I have called elliptical polarization^ and which unites the two 
classes of phenomena which constitute circvlaT and rectilineal 
polarization, 

(131.) In the action of metals upon common light, it is easy 
to recognize the lact announced by Malus, that the light, 
which 3iey reflect is polarized in different planes. I have 
found that tiie pencil polarized in the plane of reflexion is 
always more intense than that polarized m the perpendicular 
plane. The difference between these pencils is least in silver, 
and greatest in galena, and consequently the latter polarizes 
more light in the plane of reflexion than silver. The following 
table d£)ws the effect which takes place with other metals :•*<- 

Order in which the MeUds pelarixe moti Light in the Plane of 

Reflexion. 

Qalena. Steel. Copper. Fine gold. 

Lead. Zinc. Tin plate. Common silver. 

Grey cobalt. Speculum metal. Braw. Pure silver. 

Arsenical cobaU. Platinum. Grain tin. Total reflexion 

lion pyrites. Bismuth. Jewellers' gold. from glass. 

Antimony. Mercury. 



* TrtaZiu im JWw FHIm. /lUtrvmcnto, p. 947. and Preface, 
t TVoiM d0 PAjf'mfiie, torn. iv. p. 570. GOO. 
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By increasing the number of reflexions, the whole of the 
incident light may be polarized in the plane of reflexion. 
Eight reflexions from plates of steel, between 60° and 80*^, 
polarize the whole light of a wax canidle ten feet distant An 
mcreased number of reflexions [above 361 is necessary to do 
this with pure silver ; and in total reflexions from glass, 
where the circular polarization begins, and where the two 
pencils are equal, the eflfect cannot be produced by any number 
of reflexions. 

In order to examine the action of metals upon polarized, 
light, we must provide a pair of plates of each metal, flatly 
ground and highly polished, and each at least 14 inch lon^ 
and half an inch broad. These prallel plates should be fixed 
upon a goniometer, or other divided instrument, so that one 
of the plates can be made to approach to or recede from the 
other, and so that their surfaces can receive the polarized ray 
at different angles of incidencq. In place of giving the plates 
a motion of rotation round the polarized ray, I have found it 
better to give the plane of polarization of the ray a motion 
round the plates, so that the planes of /eflexion and of polari- 
zation may be set at any required angle. The ray reflected 
from the plates one or more times is tlien analyzed, either by 
a plate of glass or a rhomb of Iceland spar. 

When the plane of reflexion from the plates is either par^ 
allel or perpendicular to the plane of primitive polarization, 
the reflected light will receive no peculiar modification, ex- 
cepting what arises from their property of polarizing a portion 
of light in the plane of reflexion. But in every other position 
of the plane of reflexion, and at every angle of incidence, 
and after any number of reflexions, the pencil will have re- 
ceived particular modifications, which we shall proceed to 
ex:{>lain. One of these, however, is so beautiful and striking, 
as to arrest our immediate attention. When the plates are 
niver or gold, the most brilliant complementary colors are 
seen in the ordinary and extraordinary images, changing with 
tjie angle of incidence and the number of reflexions. These 
colors are most brilliant when the plane of reflexion is in- 
clined 45° to the plane of incidence, and they vanish when 
the inclination is (f^ or 90°. All the other metals in the table, 
p. 191, give analogous colors ; but they are most brilliant in 
silver, and diminish in brilliancy fit>m silver to galena. 

In order to investigate the cause of these phenomena, let 
us suppose steel plates to be used, and the plane of the polar- 
ized ray to be inclined 45° to the plane of reflexion. At an 
incidence of 75° the light has su^red some physical change, 
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which IB H nMwimum at that angle. It is not polariied ligfit, 

because it does not vanish during the revolution of the ana- 
Ijang plate. It is neither partiBUy polarized li^t dot com- 
mon ught; becBuae, when we reflect it a Becond time at 75°, 
il is restored to light polarized in one plane. If we transmit 
the light rofiocted from steel at 75° along the axis of Iceland 
apar, ue i^gtem of rings ahoWn in^^. 06. is changed into the 
^■tem shown inj^. 114., bh if a thm film of a crjstallized 
He- 114. ^"^y which polarizes the blue of the 

first order had crossed the system. If 
we substitute for the colcsareoua spar 
films of sulidiate of line which give 
difierent tints, we shall find that these 
tmts are increased in value bj a quan- 
tity nearly equal to a quarter of a tint, 
according as the metallic action coin- 
cides wiUi or opposes that of the crys- 
tal. It was on the authority of tJiia 
experiment that I was led to beliove 
that metais acted like crystallized plates. And wh«i I found 
that the colors were. better developed and more pure after 
successive reflexions, I rashljr concluded, as M. Biot also did 
after me, that each successive refleiiou corre^nded to an 
additional thickness of the iilm. In order to pMve the error 
of this opinion, let us transmit the light reflected 3, 4, 6, 8 
times from steel at 75° along the axis A Iceland spar, and we 
shall find that the system of rings is perfect, and that the 
whole of the light is polarized in one plane) a result abeolulelj 
incompatible with the suppositirai of the tints rising with the 
nunibei' of reflexirais. At 1, 3, 5, 7, B, 11 reflexions, the ligh. 
when transmitted along the axis of Iceland bobi will produce 
an efibct equal to neariy a quarter of a tint, beyond which it 

In 
Bleel _ 

pdarized light produced by two total reflexions from glass, the 
raj originally polarized + 45° to the plane of reflexion is, by 
the two reflexions at the same angle, restored to light polarized 
— 45° to the plane of reflexion ; whereas in iteel, a ray polar- 
ized -(■ 45°, and reflected onc« from steel at 75°, is restored by 
another reflexion at 75° lo light polarized — 17°. 

With different metals the same effect is produced, but tbs 
inclination of the plane of polarization of the restored ray ia 
diflbient, as the fellowing table shows; — 
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Totil BOexioaa. 


Incllnatloii 
orrettond 
Kay. 


ToUl XaflezlaM. 


Innliaatton 
•TrMlond 
Bar- 


From glass - - ■ 
Puresflver - - - 
ComnKHi silver • • 
Fine gold - - - - 
Jewellers* gold - ■ 
Grain tin - - - - 
Brass . . . • ■ 
Tin Plate - - - 




46O0' 

3948 
36 
35 
33 
33 
32 
31 
29 
26 
22 


Bismuth .... 
Speculum inetal 

Zmc 

Steel 

Iron pyrites - - - 
Antimony - - - 
Arsenical cobalt 

Cobalt 

Lead 

Galena .... 
Specular iron, - . 


21° a 
21 
1910 
17 
14 
16 15 
13 
12 30 
11 
2 



Vvopper - » - " 

Mercury - - - 

Platinum - - - • 
1 



In total reflexions, or in circular polarization, the circularly 
polarized ray is restored to a singfle plane by the same number 
of reflexions and at the same angle at which it received cir- 
cular polarization, whatever be the inclination of the plane of 
the second pair of reflexions to the plane of the first pair ; but 
in metallic polarization, the angle at which the second re- 
flexion restores the ray to a single plane of polarization varies 
with the inclination of the plane of the second reflexion to the 
plane of the first reflexion. In the case of total reflexions^ 
this angle varies an the radii of a circle ; that is, it is always 
the same. In the case of metallic polarization, it varies as 
the radii of an ellipse. Thus, when the plane of the polarized 
ray is inclined 45° to the plane of primitive polarization, the 
ray reflected once at 75° will be restored to polarized light at 
an incidence of 75° ; but when the two planes are parallel to 
one another, the restoration takes place at 80° ; and when they 
are perpendicular, at 70° ; and at intermediate angles, at in- 
termediate inclinations. For these reasons, I have called this 
kind of polarization elliptic polarization. 

We have already seen that light polarized + 45° ia ellipti-* 
cally polarized by 1, 3, 5, 7 reflexions from steel at 75°, and 
restored to a single plane of polarization by 2, 4, 6, 8 reflexions 
at the same an^e ; and we have stated that the ray restored 
by two reflexions has its plane of polarization brought into 
the state of — 17°. The following are the inclinations of this 
plane to the plane of reflexion, by diflferent numbers of re- 
flexions flx>m steel and silver : — 



No. 
of Re- 
flexions. 


Inclination of tbe Plane 
of the polarized Ray. 


No. 

of Re- 

flexions. 


Inclination of tbe Plane 
of tbe polarized Ray. 


Steel. 


Silver. 


Steel. 


Silver. 


2 
4 

6 

8 


— 17°0' 

+ 522 
— 138 
+ 030 


—38° 15' 
+ 31 52 
—26 6 
+ 21 7 


10 
12 

18 
36 


+ 1 + 1 

OOOO 
OOMO 


— 16° 56' 
+ 13 30 

— 6 42 
+ 47 
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These reflults explain in the clearest manner why eommon 
iight is polariised by tied after eight reflexions, and by silver 
not till after thirty*six reflexions. Common light consists of 
two pencils, one polarized -f 45^, and the other — 45^; and 
8te^ brings these planes of polarization into the plane of re- 
flexion after eight reflexions, while silver requires more than 
tbkty-cdx reflexions to do this. 

(1S2.) The angles at which elliptical polarization is pro- 
duced by one reflexion may be considered as the maximum 
polarizing angles of the metal, and their tangents may be 
considered as the indices of refiraction of the dirorent metali^ 
as shown in the following table : — 



Hame of Matal. 



Grain tin - • - - 
Mercury - - - - 
Galena . . • - 
Iron pjrrites • - • 
Grey cobalt - - - 
Speculum metal • 
Antimony melt«d - 

Steel 

Bismutb . - - • 
Pure silver - - - 

Zinc 

Tin plate hammered 
Jewellem* gold ■ - 



■te-or Maalmum 
PolufntioB. 



780 3(y 

78 27 

78 10 

77 30 

76 66 

76 

75 25 

75 O 

74 60 

73 

72 30 

70 50 

70 45 



ladmx or 

Bcftaetioa. 



T9l3" 

4-893 
4-773 
4-511 
4309 
4011 
3-844 
3-732 
3-689 
3-271 
3-172 
2-879 
2-864 



Elliptical polarization may be produced by a sufficient num- 
ber 01^ reflexions at any given angle, either above or below 
the maximum polarizing angle, as shown in the followmg table 
lor Steel: - 



Vunhcr of ItrtexlOM at 
wMoh mipUcal PoliTlai- 
tioB ia proitiiMd. j 


NMDbcT or KaftMloM at 
whiek the PaaHl ia n- 
■torad td a aingla Flaas. 


of lBcld«noa* 


3 9 15 <bc. 
2\ 7A 12^ &c. 
2 6 10 &c. 
U4i 7i&c. 
13 5 Ac 
144^ U&c 

2 6 10 Ac. 

n 1% m &c. 

3 9 15 &c. 


6 12 18 A/>. 
5 10 15 &c. 
4 8 12 &c. 
3 6 9 Ac 

2 4 6Ac 

3 6 9&C. 

4 8 12 &c. 

5 10 15 &c. 

6 12 18 Ac. 


860 0* 
84 
82 20 
79 
75 
67 40 
60 20 
56 25 
62 20 



When the number of reflexions is an integer, it is easily 
understood how an elliptically' polarized ray begins to retrace 
Its course, and to recover its state of polarization in a single 
l^ane, by the same number <^ reflexions by which it lost it ; 
but it is interesting to observe, when tlic number of reflexions 
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is 1^ Sj, or my other mixed number, that Ibe ray moBt have 
acquired its elliptic&l pol&rization in the middle (f the second 
and third reSexion ; that is, when it hud reached its greatest 
depth within the metallic sur&ce it then begins to resume its 
state of polarization in a single plane, and recovers it at the 
end of 3, 5, and 7, reflexions. A very remarkable eSect takes 
place when one reflexion is made on one side of the mazi- 
mum pcJarizing angle, and one on the other side. A ray that 
has received partial elliptical polarization by one reflexion at 
85° does tut acquire more elliptic polarization by a reflexion 
■t 54°, but it fetrocea its course and recovers its state of single 
pdarization. 

By a method which it would be out c^ place to explain 
here, 1 have determined the number of points of restoration 
which can occur at diSerent angles of incidence &ora 0° to 
90°, fcs- any number of reflexions; and I have represented 
them in fig. 115., where the arches 1, 1., II, H, &c. represent 
the quadrant i£ incidence, ftw one, Roo, &C reflexicoB; C 



hang the point of 0°, and B that' of 90° cf incidence. In the 
quadrant, I, L there is no pdnt of restoration. In H, IL there 
IS only one point or node of restMBtion, viz. at 73° in mher. 
In III, ni. there are two points c£ restoration, because a lay 
ellipticaJly pdarised 1^ one and a half reflexion will be re- 
stored by three reflexions at 63° 43' beneath the maximnin 
polarizing angle, and at 79° 40' above that angle. It may also 
be shown that ftir IV. reflexions there are 3 paints of restora- 
tion, for V. reflexions 4 points; and for VI. reflexions 5 plants, 
as shown in the figure. The loops at double curves are drawn 
to represent the mlensity of the elliptic polarization which 
has its minimum at 1, 2, 3, &c., end its maximum in the middle 
<^ the nnsfaoded parts. If we now use bonogeneoue light, 
we shall find that the loops have different sizes in the di^reiH 
colored rays, and that their minima ano maxima are dilferetA 



I 
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Hence, in the Vlth quadrant, C B fi»* example, there will he 
6 loops of all the different colors, viz. C 1; 1; 2; 2, 3; d, 4, 
4&C. ; overlapping one another, and prodncinff hy their mixture 
those beautiAil complementary colors which have already heen 
mentioned. For a more foil account of this curious (ranch 
of the subject of polarization, I must refer the reader to the 
PkUoaophietU Tranaactiona, 1830; or to the Edinburgh 
Jourrud of Science, Nos. VIL and VIIL new scries, April, 1831. 



CHAP. xxvm. 

ON THE FOUJftlZINO 8TRUCTUBE PRODUCED BT HEAT, COLD, 
OOXPRXBSION, DILATATION, AND INDURATION. 

The various phenomena of double refraction, and the sys- • 
terns of polarized rings with <me and two axes of double re- 
fraction, and with planes of no double refraction, may be pro- 
duced either transiently or permanently, in glass and other 
substances, by heat and cM, rapid cooltng, compression and 
dilatation, and induration, > 

1. Transient Influence of Heat and Cold, 

(1.) Cylinders of glass toith one positive axis of double 

refraction, 

(133.) If we take a cylinder of glass, from half an inch to 
an inch in diameter, or upwards, and about half an inch or 
more in thickness, and transmit heat from its circumference to 
lis centre, it will exhibit when exposed to polarized light, in 
the apparatus, fy, 94., a system of rings vnth a black cross, 
exactly similar to those in fig 98. ; and the complementary ^ 
system shown in fig, 99. will appear by turning round the 
plate B 90°. In this case we must hold the cylinder at the 
distance of 8 or 10 inches from the eye, when the rings will 
appear as it were in the inside of the glass. If we cover up 
any portion of ^e sur&ce of the glass cylinder, we shall hide 
a corresponding portion of the riujgs, so that the cylinder has 
its single axis of double refraction fixed in the axis of its 
figure, and not in every possible direction parallel to that axis 
as in crystals. 

By crossing the rings with a plate oi sulphate of lime, as 
formerly explained, we shall find that it depresses the tints in 
the two quadrants which the axis of the plate crosses ; and 

R2 
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oooBequently that the system of rings is negoHve^ like that of 
calcareoos spar. 

As soon as the heat reaches the axis of the cylinder, the 
rioj^ begin to lose their brightness, and when the heat is 
unwxrmly diffused through the glass, they disappear entirely. 

(2.) Cylinders of glass vntii a negative axis of dauUe 

refradion, 

(134.) If a similar cylinder of glass is heated uniformly in 
boiling oil, or otherwise brought to a considerably high tem- 
perature, and is made to cool rapidly by surrounding its cir- 
cumference with a good conductor, it will exhibit a similar 
sjrstem of rings, which wiU all vanish when the glass is uni- 
rormly cold. By crossing these rings with sulpluite of lime, 
they will be found to be positive^ like those of ice and zircon ; 
or die same thing may be proved by combining this system of 
rings with the preceding system, when they will be found to 
destroy one another. 

In both these systems of rings, the numerical value of the 
tint or color at any one point varies as the square of the dis- 
tance of that point from the axis. By placing thin films of 
sulphate of lime between two of these systems of rings, very 
beautiful systems may be produced. 

(8^) Oval plates of glass with tioo axes of double refraction, 

(135.) If we take an oval plate A B D C, ^. 116., and 
Fig. 119. perforan with it the two preceding experi- 
^ ments, we shall find that it has in both cases 

two axes of double refraction, the principal 
axis passing througfh O, being negative when 
it is heated at its circumference, and positive 
when cooled at its circumference. The curves 
A B, C D, correspond to the black ones in 
fig. 101., and the distance mn to the inclina- 
tion of the resultant axes. The effect shown in fig. 116. is 
that which is produced by inclining m n 45^ to the plane of 
primitive polarization ; but when m n is in the plane of prim- 
itive Dolarization, or perpendicular to it, the curves A B^ C D, 
will form a black cross, as in^^. 100. 

In all the preceding experiments, the heat and cold might 
have been introduced and conveyed through the glass finm 
each extremity of the axis of the cylinder or plate. In this 
case the phenomena would have been exactly the same, but 
the axes that were formerly negative will now be positive^ 
and vice versd. 
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(4.) Cubes of glass toith double reaction, 

(136.) When the shape of the glass is that of a cahe, the 
rings have the form shown in^^. 117. and when it is a pent 
lelopiped with its length about three times its breadth, the 

Fig. 117. tig. 118. 



mr^ 



rings have the form shown in Jig. 118. the curves of equal tint 
near the angles being circles, as shown in both the figures. 

(5.) Rectangular plates of glass with planes of no double 

refraction, 

(137.) Ifa well annealed rectangular plate (^glaaByEFDC, 
is placed with its lower edge C D on a piece of iron A B D C 
fig. 119., nearly red hot, anl the two together are placed in the 

Fig. 119. 





apparatus, fig. 94, so that C D may be inclined 45° to the 
plane of primitive polarization, and that polarized light may 
reach the eve at O from every part of the glass, we diall ob- 
serve the following ^lenomena. The instant that the heat 
enters the surface C I), fringes of brilliant colors will be seen 
parallel to C D, and almost at the same time before the heat 
has reached the upper surface E F, or even the centinl line 
a b, similar fringes will appear at E F. Colors at first faint 
blue, and then white, yeUow, orange, &c., all spring up at 
a b ; and these central colors will be divided from those at the 
edges by two dark lines, M N, O P, in which there is neither 
double refraction nor polarization. These lines correspond 
with the black curves in fig. 101. sndfig. 116., and the struc- 
ture between M N and O P is negative, like that of cal* 
careous spar ; while the structures without M N and O P are 
positive, like those of zircon. The tints thus developed are 
those of Newton^s scale, and are compounded of the difierent 
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seta of tiata that would be given io each of the hcmogeaeoaa 
isya of the spectrum. 

In these plates there is obvimislv an infimte number of axea 
in the plsnea peeeing through M N, O P, and all the tints, hb 
well 08 the double refractiiHi, can be calculated bj the very 
same laws as in regular crystals, mvtatU mutandU. 

If the plate £ F D C is heated equally all round, the fringes 
ore produced with more regularity aod quicknesi ; and if the 
plate, first heated in oil or otherwise, is cooled equally all 
round, it witt develope the same fringes, but Ihe central ones 
at a fi will in this last case be poeiiive, and the outer ones at 
£ F and C D negative. 

Similar effects to those above described may be produced in 
simiUr plates of rack salt, obsidian, floor spar, copoJ, and other 
solids that have not the doubly reftactine structure. 

A series of splendid phenomena are produced by croeEdng simi- 
lar or dissimilar plates of glas when their fringes are developed. 
When nmUar plates of ^aEB, or those in which the fringes are 
produced by heat, as in,^. 119., are crosed, the curves or lines 
of equal tint at the square of interaectiim, A B C D, fig. 120., 
j^f. JW. ^^ ^ hyperbc^afi. The tint at the 

centre will be the difierence of the 
central tints of each of the two plates, 
and the tints of the succeeding hy- 
perbolas will rise gradusJly in the 
I scale above that central tmt. If the 
I tints produced by each plate are 
precisely the same, and the plates of 
the same shape, the central tints will 
destroy each other, the hyperbolas 
will be equilateral ones, and Uie tints 
will graduallv rise from the lero of 
Newtcn's scale. 
When disBfflilar plates are crossed, as in _fig. 121., viz. one 
in which the fringes are produced by heat with tne in which 
thej are produced by cold, the lines of equal tint in the square 
rfinlersection A BCD 0^.121.), will be eUtp«e«. The tints 
ID the centre will be equal to the sum of the separate tints, 
and the tints Girmed by the ccKnbination of the e^ctemal fringes 
will be equal to their difierence. If the plates and their tints 
are perfectly equal, the lines of equal tint will be circle$. The 
beauty of these combinations can be understood only from cd- 
wed drawings. When the plates are combined lengthwise^ 
Ihey add to or subtract from each other's cfiect,~ acceding as 
similar or disdmilar fringes are opposed to one another. 
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in^nife nuniAer of axe$ 

(138.) If weplace&Ei^ereofglBsinarluH trou^rfbot 
m\, and observs the BTstein of rings, while the beat is pasBiBg 
to the centre of the ephete, we ehall find it to be a regulu 
avsteiD, exactly like that in ^^. 96. ; and it will suSer do 
change by turnii^ the sphere in any directkn. Hence the 
sphere has an inanite number of ^itive axes cf doable re- 
fraction, or one along each of its dianietere. 

If a very hot sphere ot glass is placed in a g-lasB trough of 
cold oil, a umilar syBtem will be produced, but the tucea will 
all be negative. 

(T.) ^heroidt of glaii wilh one axit of doable refratAvm 

along the axil e/' rerolufion and two axes along the eqita- 

toriM diameter*. 

(139.) If we place an oblate Bphenud in a glasf! trough of 
bot oil, we shall find that it ban otic axis of poriiive double 
reftactim along ita shcster axia, or that of renilution ; but if 
we transmit the polarized light along any of its equatorial 
diameters, we dull find that it has two axes of double reiraiN 
tiaa, the black curves appearmg as in fig. 116. when the azia 
of revolution is inclined 45° to the plane of primitive polari- 
sation, and changing into a croea when the axis is parallel or 
peipendicular to the plane of primitive polarization. 

The very same phenomena will be exhibited with a prolate 
ndieroid, raity the Mack cross opens in a difieient plane when 
tne two axee are developed. 

Opposite systeniB of nngs will be developed in both these 
cases, if hot spheroids are plunged in cold ou. 
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The reason of using oil is to enable the polarized light to 
pass through the spheres or spheroids without refraction. The 
oil should have a refractive power as near as possible to that 
of the glass. 

A number of very curious phenomena arise from heating 
and cooling glass tubes, or cylinders, along their axes ; the 
most singular variations taking place according as the heat 
and cold are applied to the circumference, or to the axis, or to 
both. 

(8.) Influence of heat on regvlar crystals. 

(140.) The influence of uniform heat and cold on reffolar 
crystals is very remarkable. M. Fresnel found that heat dOates 
sulphate of hme less in the directicm of its principal axis 
than in a direction perpendicular to it ; and professor Mitscho*- 
lich has found that Iceland spar is dilated bjr heat in the di- 
rection of its axis of double refraction, while in all directioofl 
at right angles to this axis it contracts ; so that there must be 
some intermediate direction in which*there is neither contrac- 
tion nor dilatation. Heat brings the rhomb of Iceland spar 
nearer to the cube, and diminishes its double refraction. 

In applying heat to sulphate of limey professor Mitscherlich 
found that the two resultant axes (P, P, fi^. 106.) gradually 
approach as the heat increases, till they unite at O, and form 
a single axis. By a still farther increase of heat they open 
out on each side towards A and B. A very curious fact of an 
analogous kind I have feund in glauberite, which has one axis 
of double refraction for violet, and two axes for red light 
With a heat below that of boiling water, the two resultant 
axes (P, P, fig, 106.) unite at O, and, by a slight increase of 
heat, the resultant axes again open out, one in the direction 
O A, and the other in the direction OR By applying cold, 
the single axis for violet light at O opened out into two at P 
and P. At a certain temperature the violet axis abo opened 
out into two, in the plane A R 

2. On the permanent Influence of sudden Cooling, 

(141.) In March, 1814, 1 found that glass melted and sud- 
denly cooled, such as prince Rupert's drops, possessed a per- 
manent doubly refracting structure ;* and in December, 1814, 
Dr. Seebeck published an account of analogous experiments 
with cubes of glass. Cylinders, plates, cubes, spheres, and 
spheroids of glass, with a permanent doubly refracting struc- 

♦ Lt'tter to Sir Joseph Bankp, April S. 1814. PML Trans. 1814. 
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ture, may be formed by bringing the glass to a red heat, and 
cooling it rapidly at its circunuerence, or at its edgea As 
these solid bodies often lose their shape in the process, the 
symmetry of their structure is affected, and the system of 
rings or fringes injured ; so that the phenomena are not pro- 
duced so perfectly as during the transient influence of heat 
and cold. It is often necessary, too, to grind and polish the 
surfaces afresh : an operation during which the solids are 
often broken, in consequence of the state of constraint in 
which the particles are held. 

An endless variety of the most beautiful optical figures 
may be produced by cooling the glass upon metallic patterns 
(metals being the best conductors) applied symmetrically to 
each surface of the glass, or symmetrically round its circum- 
ference. The heat may be thus drawn off from the glass in 
lines of any form or direction, so as to give any variety what- 
ever to its structure, and, consequently, to the optical figure 
which it produces when exposed to polarized light. 

(142.) In all doubly refracting crystals the form of the 
rings is independent of the external shape of the crystal ; 
but in glass solids that have received the doubly refracting 
structure, either transiently or permanently, from heat, the 
rings depend entirely on the external shape of the solid. I^ 
in Jiff. 119., we divide the rectangular plate E F D C into two 
equal parts through the line a 6, each half of the plate will 
have the same structure as the whole, viz. a negative and two. 
positive structures, separated by two dark neutral lines. In 
like manner, if we cut a piece of a tube of glass, by a' notch, 
through its circumference to its centre, or if we alter the 
shape of cylindrical plates and spheres, &c., by grinding them 
into different external figures, we produce a eomplete change 
upon the optical figures which they had previously exhibited. 

3. On the Influence of Compression and DUatation, 

(143.) If we could compress and dilate the various solids 
above mentioned with the same unifi>rmity with which we tan 
heat and cool them, we should produce the same doubly re- 
fracting structures which have been described, compression 
and dilatation always producing opposite structures. 

The influence of compression and dilatation may be well 
exhibited by taking a strip of glass, A B D C, Jig, 122., and 
bending it by the force of the hands. When it is held in tiie 
apparatus, ^^. 94., with its edge A B inclined 45° to the plane 
of primitive polarization, the whole thickness of the glass will 
be covered with colored fringes, consisting of a negative set 



204 A TREATISE ON OPTICS. PABT 11 
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separated from a positive set by the dark neutral line M N. 
Tne fringes on the convex side A B are negative^ and those 



Fig.U^ 




on the concave side positive. As the bending force increases, 
the tints increase in number ; and as it diminishes, they di- 
minish in number, disappearing entirely when the plate of 
glass recovers its shape. The tints, which are those of New- 
ton's scale, vary with their distances from M N ; and when 
two such plates as that shown in Jig, 122. cross each other, 
they produce in the square of intersection recHUnetd fringes 
pfmillel to the diagonal of the square which joins the an^es 
where the two concave and the two convex sides of the pktes 
meet 

When a plate of bent glass is made to cross a plate crys- 
tallized by heat, and suddenly cooled, the fringes in the square 
of intersecticm are parabolas, whose vertex will be towards 
the convex side of the bent plate, if the principal axis of the 
other plate ia positive, but towards the concave side, if that 
axis is negative. 

The eTOcts of compression and dilatation may be most di»- 
tinctly seen by pressing or dilating plates or cylinders of 
calves'-feet jelly or soft isinglass. 

By the application of compressing and dilating forces, I 
have been able to alter the doubly refracting structure of 
regiilarly crystallized bodies in every direction, increasing or 
diminishing their tints according to the direction in which the 
forces were applied.* 

The most remarkable influence of pressure, however, is 
that which it produces on a mixture of resin and white wax. 
In all the cases hitherto mentioned of the artificial production 
of double refraction, the phenomena are related to the shape 
of the mass in which the change is induced : but I have been 
able to communicate to the compound above mentioned a 
double refraction, similar to that which exists in the particles 
of crystals. The compressed mass has a single axis of double 
refraction in every parallel direction, and flie colored rings 
are produced by the inclination of the refracted ray to the 
axis according to the same law as in regular crystals. If wc 

* See Edinburgh lyaiuaetions, vol. viii. p. 381. 



cf*Ar. xtviii. poZiAicizATtcm 8t tmnmATioN. 205 

remove the comiH^ssed film, any portion of it will be found to 
have one axis of dooble re&actkm like portions of a ^loi of 
any crystal with one axis. The important deductions which 
this experiment authorizes will be noticed at the conchi^on 
of this part of the work. . 

4. On the Influentie^ Induration. 

(144,) In 1814 1 had occasion to make some experiments on 
the influence of induration in communicating double retraction 
to sofl solids. When isinglass is dried in a glass trough of a 
circular form, it exhibits a system of tints wiSi the blaek cross 
exactly like negative crystals with one axis. When a thin 
cylindrical plate of isinglass is indurated at its circumference, 
it produces a system of rings with one positive axis. If the 
trough in the first of these experiments and the plate in the 
second are oval, two axes of double refraction wiU be ex- 
hibited. 

When jelly placed in rectangular troughs of ^lass is grad- 
ually Indurated, we have a positive and a negative structure 
developed, and these. are separated by a black neutral line. 
If the bottom of the trough is taken out, so as to allow the 
induration to go on at two parallel surfaces, the same fringes 
are produced as in a rectangular plate of glass heated in oil, 
and subsequently cooled. 

Spheres and spheroids of jeUv may be made by proper in- 
duration to produce the same efllects as spheres and spheroids 
of glass when heated or cooled. The lenses of almost all 
animals possess the doubly refracting structure. In some 
there is only one structure, which is generally positive. In 
others there are two structures, a positive and a negative one ; 
and in many there are three structures, a negative betweeji 
two positive, and a positive between two negative structures. 
In some instances we have two structures of the same name 
together. By the process of induration we may remove en- 
tirely the natural structure of the lens, especially when it is 
spherical or spheroidal, and superinduce the structure arising 
from induration. I have now before me a spheroidal lens ot 
the honeto fish, with one beautiful system of rings along the 
axis of the spheroid, and two systems along the equatorial 
diameters. I have also several indurated lenses of the cod, 
that display in the finest manner their douUy refracting 
■tructure. 

S 
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CHAP. XXIX. 
PHENOMBNA OF OOMPOSITE OB TSSSELATKD CBY^ALi. 

(145.) In all regularly fi>ni}ed doubly refracting crystals^ the 
separation of liie two images, the size of the rmgs, and the 
value of the tints, are exactly the same in all pmiallel direc- 
tions. If two crystals, however, have jgrrown together with 
their axes inclined to one another, and n we cut a plate out 
of these united crystals so that the eye cannot distinmiish it 
from a plate cut out of a single crystal, the exposure of such a 
crys^ to polarized li^ht will instandy detect its composite 
nature, and will exhibit to the eye the very line of junction. 
This will be obvious upon considering that the polarized ray 
has different inclinations to the axis of each crystal, and wiu 
therefore produce different tints at these different inclinations. 
Hence the examination of a body in polarized light furnishes 
us with a new method of discovering strtictures which canr 
not he detected by the microscope^ or any other method of 
observation. 

A very fine example of this is exhibited in the bipyramidal 
sulphate of potash, which Count Boumon and other crystal- 
lographers regarded as one simple crystal, whose primitive 
ferm was the bipyramidal dodecahedron, like the crystal shown 
in fig. 112. But by cutting a plate perpendicular to the axis 
of the pyramid, and exposing it to polarized light, I found it 
to be composed of several crystals, all united so as to form the 
regular figure above represented. The crystal has two axes 
of double refraction, and the plane passing through the two 
axes of one, is inclined 60° to the plane passing &ou^h the 
two axes of each of the other two. So that when we mcline 
the plate, each of the three combined Crystals displays difilerent 
colors. I have found many remarkable structures of this kind 
in the mineral kingdom, and among artificial salts ; but two 
of these are so interesting as to merit particular notice. 

(148.) The apophyllite from Faroe generally crystallizes in 
right-angled square prisms, and splits with great &cility into 
plates by planes perpendicular to the axis of the prism. If 
we remove with a sharp knife the uppermost slice, or the un- 
dermost, it will be found to have one axis of double refraction, 
and to give the single system of rings shown in Jig, 96. If 
•ve remove other slices in the same manner, we shall find 
mat when exposed to polarized light they exhibit the curious 
tesselated structure shown in fig. 123. The outer case, 
M O N P, c(Misist8 of a. number of parallel veins or plates. In 
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the centre is k am&ll ksenge, abed, with oDe utta of doaU« 
n. Ml refraction, and round it an fintr 

_ cnstals, A, B, C, D, witb two axet 
of double refraction, the plane pua- 
in^ tbroug-h the axes ol A and D 
bem^ perpendicular to the plane 
passing throagh the axes of B and 
C; and the former plane being in 
the directioo M N, and the latter in 
the direction O P. 

When the polarized light a trana- 
mitted throuffb the laces of certain 
TM^sma, the beautiAil teeselated figare shonn in fi^. 134 ia ez- 
mbited, all the difi^'ently shaded parte abintn^ with the moat 




where the same tbickneaa, it is obvious that 
the dflubl; refracting force varies in different 
parts of the crystal ; but this variation takes 
place in such a Bymmetrical manner in rela- 
tion to the Bides and ends of the prism, as tii 
set at defiance all the Fir i^ 

lecogaiT^ laws of j^ 
cry*lllogra]diT. 

With the view rf 
observing the ferra of 
the lines of equal co- 
lor, I immersed the 
crystal in ml, and 
tianamitted the ndar- 
ized light in a direc- 
tion parallel to a di- 
agonal of the prism; 
the efibct then exhib- 
ited is abovm in fig. 
135., where A BCD 
is the crystal ; A C, 
and B D, its edgps, 
irtiere thq thickness is nothine, and 
m n the edge through which the di- 
agonal of the. ^isra passes. Now, it 
k obvious, that if this had been a regu- 
lar crystal, the lines of equal tint or of 
equal double refraction would have ^ 
been all tlrai^ht lirtet parallel to AC C. 
or B D; but in the apophyllite they present the most smgular 
irregularities, all d which are, however, symmetrically re- 
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loted to certain fixed poinU within the cryetaL In tbe middle 

of the crystal, balf ws; between tn and n, there axe oDlyjIve 
fringes or orders of colors; at points eqai-distant fmn this 
there ere six fringaa, the sixth reluming into itself in the 
form of an ovaL At other two equidistant points near m and 
n, the 3d, 4lli, and 51h fringes are singularly serrated, and the 
6th and Tth fringes return into themselves in the fbnn of a 
tquare ; beyond this, near m and n, there are only four iringet^ 
in consequence of the fiAh returning into itself 

^147.) A compoaite structure of a very different kind, but 



ejLtr^nelr interesting fixno the effects which it produc 
ejibibited in many cirstak of Iceland spar, which are 
sected by parallel films or vems of yarious thicknesses, aa 



■bown in fig. 136. These Chin veins or strata are penieDdic- 
g^,_ ug. ular to the short diagonals E F, G H of the 
fiices of the ^ho^lt^ and parallel to the edge* 
E G, F H. When we look perpendiculari; 
F through the fiicea A E B F, DGCH, th« 
light will not pass through any of the planes 
ebcg, ABC D, a/ ha, and consequently 
we shall only see two images of any object 
n just aa if the planes were not there. But if 
we look through any of the other two pair 
of parallel faces, we shall observe the two 
common images at their usual distance ; and at a much greater 
distance, two secondary images, one on each side of the cwn- 
mon imager In some cases there are /our, and in other cases 
«tx, secondary images, arranged in two lines ; one line being 
on each side of the common imager and perpendicular to the 
line joining their centres. When the interrupting planes are 
numerous, and especially when they are also Giund perpen- 
dicular to the short diagonals of the other two &ces of the 
rhomb that meet at B, the obtuse summit, the secondaiy 
images are extremely numerous, and sometimes arranged in 
pyramidal heaps of singular beauty, vanishing, and reappear- 
ing, and changing their color and the intensity of their light, 
by every' inclination of the plate. If the light of the luminous 
object is polarized, the phenomena admit of still greater var- 
rifttioQS. When the strata or veins are thick, the images are 
not colored, but have merely at their edges the colors of re- 
fracted lighL 

Malus considered these phenomena as produced by fissure* 
or cracks within the crystal, and he regarded the colors »a 
tiiose of thin plates of air cs- ^lace ; but I have found that they 
are produced by veins or twin crystals firmly united together 
K as to resist separation more powerfully than the iMtunl 
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deavage ptenes* nxd I have found tbis both crystallagnpliicallv, 
by measunog the angles of the v^osy and opticSlW, by ob- 
aerving tiie syBtem of rings seen through the veins alone. 

This oompoeite stracture will be understood from Jigr. 127., 
where A B D C is the principal section of a rhomb oif Iceland 

Fig. 1X7. 




spsr whose axis is A D. The form and position of one of the 
intersecting veins or rhomboidal plates, is shown at M m N n, 
but neatly thicker than it actually is; the angles A m M, and 
D n N, bemg 141^ 44'. A ray of common liffht R b, incident 
on the foce A C at 6, will be refracted in the lines be, bd. 
These rays entering the vein M m N n, at c and d, will be 
again refracted doubly ; but as the vein is so thin as to produce 
the complementary colors of polarized light by the intenerence 
of the two pencils which compose each of the pencils c e, df^ 
these colors will depend on tiie thickness of the vein M N, 
and on the inclination of the ray to the axis of the plate M N. 
These double pencils will emerge from the vein at e,f, and 
will be refracted again as in the figure into the pencils e m^ 
en^fo^fp-, the colors ofen,fo, being complementary to 
those of em, /p. That the multiplication and color of the 
images are owing to the causes now explained may be proved 
ocuEirly, as I have done, by dividing rhombs of calcareous 
spar, and inserting between them, or in grooves cut in a single 
plate at calcareous spar, a thin film of sulphate of lime or 
mica. In this way all the^henomena of the natural compound 
crystal may be reproducbd in the artificial one, and we may 

five great variety to the phenomena by inserting thin films in 
ifierent azimuths round the polarized pencils be, bd, and at 
different inclinations to the axis of double refi*action. 

The compound crystal shown in fig. 127. is in reality a 
natural polarizing apparatn& The part of the rhomb A m N C, 
pdarizes the incident light R 6. The vein M N is the thin 
crystallized vein whose col<»s are to be examined ; and the 
part BM n D, is the analyzing rhomb. 
Various other minerals and artificial crystals are mtersected 

S2 i 
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with aaaiogiiofBt vekis, and |Hroduce analogoot phenomaMU 
There are several oorapoaite crystals which exhibit remarkable 
peculiarities of structure, and dii^y curious optical phe- 
nomena by polarized liffht The Brazilian topaz is one of 
l^ose which is worthy of notice, and whose properties I have 
explained by colored drawings, in the second volume of the 
Cambridge Transactions. 

For a full account of the properties of composite crystals, 
and of the multiplication of images by the cirstals of cal- 
careous spar that are intersected by veins, we refer the reader 
to the Edinburgh Transactions, vol. ix. p. 317., and the Phil. 
Trans., 1815, p. 270. ; or to the EdinSurgh Encyclopedia^ 
art OPTice. 



CHAP. XXX 

OM THS DICHROISM, OR DOUBLS OOI/>R, OF BOnm; AXD 
THE ABBORFnON OV POLARIZED UOBT. 

(148.) If a crystallized body has a different color in difierenl 
directions when common Ught is transmitted thrmigh its 
substance, it is said to possess dichroism, which fflgnifies twe 
color& Dr. Wollaston observed this property long ago in the 
muriate of palladium and potash, which appeared of a de^ 
red color along the axis, and of a vivid green in a transverse 
direction ; and M. Cordier observed the same change of color 
in a mineral called iolite, to which Hauy gave the name of 
dichroite, Mr. Herschel has observed a similar fact in a 
variety of sub^xystdphate of iron, which is c^ a deep blood 
red color along the axis, and of a light green color perpen- 
dicular to the axis. In examining this class of phenomena, I 
have found that they depend on £e absorption of light, being 
regulated by the inclination of the incident rav to the axis of 
double refraction, and on a difference of color in the two 
pencils formed by double refraction^ 

In a rhomb of yellow Iceland epast the extraordinary image 
was of an orange yellow color, while the ordinary image was 
yellounsh white along the axis. The color and mtensity of 
the two pencils were the same, and the difference of color and 
intensity increased with the inclination to the axia When 
the two images overlapped each other, their combined oolor 
was the same at all angles with the axis, and this color was 
that of the mineral. If we expose the rhomb to polarized 
light, its color will be orange yellow in the position where the 
ordinary image vanishes, and yellowish white in the position 
where the extraordinary image vanishes. The crystals in the 



fiUswiag TaUe fomem the mne propeifties, the urdiwuy and 
extmov&uiry ifiMges hAving the odero oppoeite to their 



Cohort of the two Images in Crystait toith one Axis. 



: 



or CijMaia. 



Zircon. 
. . Sapphire. 
Rufy. 
Emerald. 
Emerald. 
Beryl. Uue. 
Beryl, green. 
Beryl, yellowish 

green. 
Rook crystal, neur- 

]y transparent 
Rock crystal, yellow. 
Amethyst. 
Amethyst. 
Amediyst 
Tourmalinfi. 
Rubellita. 
Idocrase. 
Mellite. 
Apatite lilac. 
Apatite olive. 
Fiiosphate of lead 
Iceland spar. 
Octohedrite. 



of rolaitettoa. 



BrowniiA white. 
Yellowish greeiv 
Pale yellow. 
Yellowish green. 
Bluish green. 
Bluish wl^te. 
Whitish. 

Ftf e yellow. 

Whitish. 

Yellowish white. 
Blue. 

Greyish white. 
Reddish yellow. 
C^eoiish white. 
Reddish white. 
Yellow. 
Yellow. 
Bluish. 
Bluish green. 
Bright green. 
Oruige yellow. 
Whitish brown. 



Uar<pidawtta^ 
lo nana of 



lolv 



Deeper brown. 

Blue. 

Bri^t pintc* 

Bluish ^reen. 

Yellowish green. 

Blue. 

Bhush greep. 

Faie green* 

Faint brown. 

Yellow. 

Pink. 
Ruby red, 
Bluitti green. 
Bluish green. 
Faint red. 
Green. 
Bluish white. 
Reddish. 
Yellowisii neen. 
Orange yellow. 
Yellowish white. 
Yellowish brown. 



J 



(149.) When the crystals have two axes of double refi^<v» 
tioD, the absorption of the incident rays produces a variety of 
phenomena, at and near the two resultant axes. These phe- 
nomena are finely displayed in iolite. This mineral, which 
crystallizes in six and twelve-eided prisms, is of a deep blue 
color when seen along the axis, and of a brownish yeUow 
when seen in a direction perpendicular to the axis of the 
prism. When we look along the resultant axes which are 
mclined 62^ 50' to one another, we see a system of rings 
which are pretty distinct when the plate is thin ; but when it 
is thick, and when the plane j^assing through the axes is in 
the plane of primitive polarization, branches of blue and white 
lieht are seen to diverge in the form of a cross from the centre 
of the system of ring& This curious effect is shown in fig, 
128., where P, P', are the centres of the two systems of rings, 
O the principal negative axis of the crystal, and C D the plane 
passing through Uie axes. The blue branches, which are 
shaded in the figure, are tipped with purple at their summits 
P, P', and are separated by whitish light in some specimens, 
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aod P' to O, the whilenr yeUowkfa light 
becomes more and more blue, and at O 
it is quite blue ; while from P and P' to 
C and D it becomee more and more 
c| > rellow, and a.t C and D it is quite yel- 

low, the vellow being almost eqmll; 
Wight in Che plane A C fi D, perpendiC' 
ular to the prmcipal axis O. When tbt 
placte C D IS peroendicular to the plane 
of primitive pokrization, the poles P, P' are marked with 
palchea of white or jellowiah light, but everywhere else the 
light ia a deep blue. 

When examined by common light, we find that the onfinory 
image is broumith yeliote at C and D, and the eztraordinary 
Mie faint blue; the former acquiring some blue raya, and the 
latter acme veUow ones fVom C to D, and from A to B where 
there is still a great difference in the color of the images. 
The yellow inuise becomes lainter from A to P and P', and 
from B to P and P', where it changes into blue, the feeble 
blue image being gradually reinforced by other blue rays till 
the intensity of the two blue images is nearly equal. The 
bint blue image increases in intensity from C to P, and from 
D to P, and the yellow one acquires an acceesion of blue light, 
and becomes bluish white from P and P' to O; tfie (sdioary 
image b whitish, and the other a deep blue ; but the wbit«- 



iss graduB 



t equally blue. The following table will show U 
this property exists in many other cryst^ ; — 



Colon <^li*tm 


Image, a CryMlid, wiA two Aim. 


■™-rfO,w-.. 


FU. „ .,1, 1. tu. « 


'"%ii■.;K3SS^■" 


Topaiblue. 


While. 


BI». 




While. 




greenirfiWue 


Reddeh gref. 


Blue.' 


pink. 


Pink. 


White. 




Fink. 


Yellow. 


— ^Ilow* 


Yellowiah white. 


Onmgo. 


SulphsU or baryta. 


li«n«i yellow. 


Pnrple. 






Tellowiih white. 




GambogB yellow. 


Yellowirii while. 


Cysniie. 


Whi«. 


Blue. 


DichiDire. 


Blue. 


Vellowiih while. 


CymophiuiB. 


Yf llovi-iah while. 




Epidots olive grwn. 


Owwn. 


Sop gteen. 




Pink while. 


Ye1lowi.h white. 


Mi«. 


ReOdiali b^ow^■ 


Reddiih while. 
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The Mowing^ table tbows the oc^or of the im^i^oi in cry»> 
lals with two axes which have not been examined. 



r 



VtfllM «f Cvyatata. 



Mica. 

Acetate of ooj^per. 

Muriate of copper-* 

Olivine. 

Sbhene. 

Nitrate of copper. 

Chromate of lead. 

Staurotada. 

Ai^te. 

Aimydiita. 

Axkute. 

.I>iallage. 

Sulphur. 

Sulphate of Btrontia. 

cobalt 

Olivine- 



Axis of PriMs in PlKoa of 
rotortwcian. 



Blood red. 
Blue. 

Greenish white. 
Bluish green. 
Yellow. 
Bluish white. 
Orange. 
Brownish red. 
Blood red. 
Bright pisk. 
Reddisn white. 
Biowniah w^ute. 
YeUow. 
Blue. 
Ph^ 
Brown. 



Axis of PriMH peneadleBlu 
to Piu. or rotaHMtloB. 



Fale greenish yellow. 

Greenish yellow. 

Blue. 

Greeniflih yellow. 

Bluish. 

Blue. 

Blood red. 

Yellowish vtAiite. 

Bright creep. 

IVIe yellow. 

Yallowiah whita> 

White. 

Deeper yellow. 

Bluish white. 

Brick red. 

Brownish wUta. 



Ib the last nine eryatab in the preceding teUe, the tints «rt 
not givei^ in relation to any fixed line. 

The following list contams the colors of liie two penciH ia 
<»y8tal% whose number of axes is not yet known. 

Phosphate of iron. 

Aetynolite. 

Precious opaL 

Serpentine. 

Asbestos. 

Bhie carbonate of 



I 



copper. « 
Octonedrite (one uds.) 
Chloride of gold and 

sodium. 

^ QQd 



ammonium. 



potaanuBk 



and 



Fine blue.t 
Green. 

YeUow. 
DsrkiraeQ. 
. Greenish. 

Vielfitbliie. 

Whitidi brown. 

Lemon yellow. 

Lemon yeBow. S*^ 

j Lemon yellow. ^ 



Ji 



Bluish white. 
Greenish white. 
Lighter yellow* 
Lighter gre«u 
Yellowish. 



Una. 
Yellowidh brown. 
Deep orange.*] || 

Deepanage. i-||i 

Deep oiange. J |§ 

(150.) By the application of heat to certain crystals, I have 
been able to produce a permanent difierence in the color of 
the two pencils formed by double refraction. This experiment 
may be made most easily on Brazilian topaz. In one of these 
topazes, in which one oi the pencils was yeUow and the other 
ptnk^ I found that a red heat acted more powerfully upon the 
extraordinary than upon the ordinary pencil, discharging the 
yellow color entirely from the one, and producing only a slight 

* The eolors are given in relation to the short diagonal of its rhombeidal- 
iNMe. 

t When the axis of the prism is in the plane of polarization. 
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chan^ upon the pink tint of the other. When the topaz wat 
hot, it was perfectly colorless, and, daring the process of oool> 
ing, it gradually acquired a pink tint, which could not he 
modified or renewed by the most intense heat In various 
topazes, the ccdor of whose two pencils was exactly the same, 
heat discharges more of the color from one pencil than the 
other, and thus gives them the power of absorbing light in 
reference to the axes of double refraction. 



General Observations on Double Refraction. 

(151.) The varbus &ctB which have been exphuned in the 
pieceding chapters^ enable us to form very plausible opinions 
respecting the origin and nature of the doubly refracting 
structure. The particles of bodies reduced te a state of 
fluidity by heat, and prevented by the same cause firom com- 
bining into a solid body, exhibit no double refraction ; and, in 
like manner, the particles of ciystallized bodies, including 
metals when existing in a state ci solution, exhibit no doable 
refraction. As soon, however, as coding in the one case, and 
evaporation in the other, permits the particles to combine in 
virtue of their mutual aMnities, these particles have, subde- 
quent to the action of the forces by which they combine, ac- 
quired the doubly refracting structure. This efi^ct may be 
accounted for in two ways ; either by supposing that the par- 
ticles have originally a doubly refracting structure, or that 
they have no trace of such a structure. On the first of these 
suppositions, we must ascribe the disappearance of the double 
refracticm in the fluid mass, and, in the solution^ to the opposite 
action of the particles, which must have had an axis in evei^ 
possible direction ; but as no double refraction is visible, it is 
more philosophical to suppose that noae exists in the particles. 
On the second supposition, then, that the particles have no 
doubly refracting structure, it is easily understood how it may 
be produced by the compression of any two particles brought 
together bv attraction ; for each particle will have an axis of 
double renaction in the direction of the line joining their 
centres, as if they had been compressed by an external force. 
By following out this idea, which I have done elsewhere,* I 
have shown how the various phenomena may be explained by 
the diflerent attractive forces of three rectangular axes, which 
may produce a single negative axis, a single positive axis, oi 

* Phil. TVaTuaetunu, 1889, or Edinburgh Journal qf Science^ new •eriQi 
vol. vi. p. 388—337. 
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two axes, either both positive or both negative, or the one 
positive and the other negative. The influence of heay in 
chanj|riAg the intensity oi the two axes of sulj^te of lime, 
and in removing one of the axes, or in creating a new one, 
admits of an easy explanation on these principles. 



PART III. 

ON THE APPUCATION OP OPTICAL PRINCIPLES TO THE 

EXPLANATION OP NATURAL PHENOMENA. — LJ^ 

CHAP. XXXI. 

ON UVUSVAL REFRACTION. 

(152.) The atmosphere in which we live is a transparent 
mass of air possessiifg the property of refracting li£^ht We 
learn from the barometer that its density graduadly diminishes 
as we rise in the atmosphere, and, as we know from direct 
experiment that the refractive power of air increases with its 
density, it follows^ that the refractive power of the atpoosphere 
is greatest at the earth's sur&ce, and gradually diminishes 
till the air becomes so rare as scarcely to be able to pro- 
duce any effect upon light When a ray of light falls ob- 
liquely upon A medium Uius varying in densitv, in place of 
bemg bent at once out of its durection, it will be gradually 
more and more bent during its passage through it, so as to 
move in a curve line, in the same manner as if the medium 
had consisted of an infinite number of strata of difl^rent re- 
fractive powers. In order to explain this, let E, fig, 129., be 




216 ▲ TREATSSA OH OPTtCi. PASl^ Ift. 

tiie earth, emnminded with aft atmosphere A B C D, ooamgting 
of four concentric strata of different densities and different 
refractive powers. The index of refraction for air at the 
earth^s surface being 1-000,294, let us suppose that the Bidey 
of the other three strata is 1000,200^ 1*000,120^ l<IOD,06a 
Let B £ D be the horizon, and let a ray S n, proceeding from 
the sun under the horizon, fall on the outer stratum at n, 
whose index of refraction is 1*000,050. Drawing the per- 
pendicular E n m, find by the rule formerly given the angle 
of refraction, E n a, corresponding to the angle of incidence 
S n m. When the ray n a falls on the second stratum at a, 
whose index of refraction is 1-000,120, we may in like 
manner, hj drawing a perp^idicnlar Ea|^ find the refracted 
ray a 6. In the same way, the refracted rays b c and c d may 
be found. The same ray S n will therefore have been re- 
fracted in a polygonal line nabcd^ and as it reaches the eye 
in the direction c d, the sun will be seen in the direction d c S\ 
elevated above the horizon, by the refraction of the atmosphere, 
when it is still below it In like manner it might be riiown 
that the sun appears above the horizon by refracticm, when he 
18 actually below it at suqset 

Although the rays of light move in straight lines in vacuo 
and in all media of uniform density, yet, on the surface of the 
globe, the rays proceeding from a distant object, must nece»* 
sarily move m a curve line, because they must pass through 
portions of air of different densities and refractive power& 
Hence it follows that, excepting in a vertical line, no object, 
whether it is a star or planet beyond our atmosphere, or in 
actually within it, is seen in its real place. 

Excepting in astronomical and trigonometrical observations,, 
where the greatest accuracy is necessary, this refraction of the 
atmosphere does not occasion any inconvenience. But since 
the density of the air and its refractive power vary matly 
when heated or cooled, great local heats or local colds will 
produce great changes di refractive power, and give rise to 
optical phenomena St a very interesting kind. Such phenom- 
ena have received the name of unusual refraction^ and they 
are sometimes of sCich an extraordinary nature as to resemble 
more the effects of magic than the results of natural causes. 

(153.) The elevation of coasts, mountains, and ships, when 
seen over tlie surface of the sea, has long been observed and 
known by the name of looming. Mr. Hiiddart described 
several cases of this kind, but particularlv the very interesting 
one of an inverted image of a ship seen beneath the real i^ia 
Dr. Vince observed at Kamsgate a ship, whose U^masts omj 
were seen above the horizon ; but he at the same time ob- 
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served, in' the field of the telescope throagh which he was 
looking-, two images of the complete ship in the air, both di- 
rectly above the ship, the uppermost of the two being erect, 
and the other inverted. He then directed his telescope to 
another ship whose hull was jnst in the horizon, and he ob- 
served a complete inverted image of it; the mainmast of 
Fig. 130. which just touched the mainmast of the 

ship itself. The first of these two phe- 
notnena is shown in _fig. 130. in which A 
is the real ebip, and B, C the images seen 
bj unusual re&action. Upon looking at 
>- another ship,' Dr. Vioce saw inverted 

nres of some of its parts which sud- 
^ y appeared and vanished, " first ap- 
peanng, says he, " below, and running 
up very rapidly, showing more or less en 
the masts at different times as they broke 
out, resembling in the swiftness of their 
breaking out the shooting of a beam of the 
v_a^ aurora borealis," As the ship continued to 

/f"^ descend, more of the image gradually ap- 

aM^;^^^^ peared, till the image of the whole ship 
^^^^^^^ ^^E" "^ ^t last completed, with the mainmasts 
^^^^^^^^^ in contact When the riiip descended still 
'lower, the image receded from the ship, but no second image 



Dr. Vtnce observed another case, shown in Jii 
,3, 131., in which the sea was dislinctl 



S 



. C gradually disappeared, and during thia 
time the image 6 descended, but the ship 
did not seem so near the horizon as to 

> bring the mainmasts together. The two 
images were visible when the whole ship 

I was beneath the horizon. 

'- Captain Scoresby, when navigating 
the Greenland seas, observed severd very 

*" interesting cases of unusual refraction. 
On the 28th of June, 1820, he saw from 
the mast^-head eighteen sail of ships at 
the distance of about twelve miles. One 
of tliem was drawn out, or lengthened, 
in a vertical direction; another was con- 
tracted in the same direction ; one had an 

!■ inverted image immediately above it ; 
and other two had two distinct inverted 
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images above them, accompanied with two images of the strata 
of ice. In 18!^, Captain Scoresby recognized his father's 
sliip, the Fame, by its inverted image in the air, although the 
ship itself was below the horizon. He afterwards found that 
tlie ship was seventeen miles beyond the horizon, and its dis- 
tance thirty miles. In all these cases, the image was directly 
above the object ; but on tlie 17th of Septemter, 1818, MM. 
J urine and Soret observed a case of unusual refraction, where 
tlie image was on one side of tlie object A bark about 4000 
toises distant was seen approaching Geneva by the lefl bank 
of tlic lake, and at the same moment there was seen above 
the water an image of the sails, which, in place of following 
the direction of the bark, receded from it, and seemed to ap- 
proach Geneva by the right bank of the lake ; the image sail- 
ing from east to west, while the bark was sailing from north 
to south. The image was of the same size as the object when 
it first receded from the bark, but it grew less and less as it 
receded, and was only one-half that of the bark when the 
phenomenon ceased. 

While the French army was marching through the sandy 
deserts of Lower Egypt, they saw various phenomena of un- 
usual refraction, to which they gave the name of mirage. 
Wlien the surface of the sand was heated by the sun, the 
land seemed to be terminated at a certain distance by a general 
inundation. The villages situated upon eminences appeared 
to be so many islands in the middle of a great lake, and under 
each village there was an inverted image of it As the army 
approached the boundary of the apparent inundation, the 
imaginary lake withdrew, and the same illusion appeared 
round the next village. M. Monge, who has described these 
appearances in the Memoires sur VE^ypte, ascribes them to 
reflexion from a reflecting surface, which he supf^oses to take 
place between two strata of air of different densities. 

One of the most remarkable cases of mirage was observed 
by Dr. Vince. A spectator at Ramsgate sees the tops of the 
four turrets of Dover Castle over a hill between Ramsgate 
and Dover. Dr. Vince, however, on the 6th of August, 1806, 
at seven p. m., saw the whole of Dover Castle, as if it had 
been brought over and placed on the Ramsgate side of the hill. 
The image of it was so strong that the hill itself was not seen 
through the image. 

The celebrated yh^a morgana, which is seen in the straits 
of Messina, and which for many centuries astonished the vul- 
gar and perplexed philosophers, is obviously a phenomenon of 
this kind. A spectator on an eminence in the city of Reggio; 
with his back to the sun and his face to the sea, and when thft 
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imng min ihinei from that point whence its incident njr 

forms an ang-le of about 45° on Che sea of Rcggio, mcb upon 
the water oumberlesa aeriea of pilasters, ardhes, caatlea w^ 
delineated, regular columns, lofty tower^ superb palaces with 
balconies and windows, yilhigee and trees, plains with herda 
and fiocka, armies of men on foot and on horseback, all posing 
rapidly in euccessitni on the surfice of the sea. These same 
objects are, in particular slates of the atmosphere, seen in the 
air, though less vividly ; and when the all is hazy, they aie 
seen on uic sur&ce of Che sea, vividly colored, or fimged with 
all the prianatie colors. 

(154.) That the pheoometia above described are generally 
produced by refrsetion tbfoogb strata ofair of diferent den- 
eities may be proved by varioUB expa-imeDtB. in toiler to 
illustrate this, Dt. Wdlasloo poured mto a square- phial (J^. 
132.) a small quantity cf clear stprup, and above this he poured 
ng IS. "^ equal quantity of uxiter, which grad- 

ually combined with Che syr^i, as seen at 
A. The wonl Syrup upon a card held 
behind the bottle appeared erect when 
seen through the pure syrup, but inverted, 
as represented in the figure, when seen 
throae^ the mixture of water and syrupi 
Dr. WoUaston then put nearly the same 
quantity of rectified tpirit of urine above 
the water, as in the same figure at B, and 
he saw the appearance there represented, 
the true [dace of the word Spiril, and 
the inverted and erect images below. 
Analogous phenomena may be seen by 
looking at objects over the surface of a hot jxAer, or along 
the Borftce of a wall tx painted board heated by the sun. 

The late Mr. H. Blackadder has described some phenomena 
both of vertical and lateral mirage as seen at King George's 
Bastion, LeiA, which are very instructive. The extensive 
bulwark, of which this bastion fiirms the central part, is ferined 
of hoge blocks of cut sandstone, and from this to the eastern 
end the phenomena are best seen. To the , east of the towCT 
the bulwark is extended in a straight line to the distance of 
500 feet It is eight feet high towards the land, with a SxA- 
way about two feet broad, and three feel from the ground. 
The parapet is three feet wide at top, and is slightly inclined 
towards the sea. 

When the weather is favorable, the U^ of the parapet re- 
sembles a mirror, or rather a sheet of ice ; and if in this state 
another person stands or walks upon i(, an observer at a little 
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distance will aee an inverted ima^ of the person under him. 
If, while standing on the footway another person stands on it 
also, but at some distance, with his face turned towards the 
sea, his image will appear opposite to him, giving the appear- 
ance of two persons talking or saluting each other. If, again, 
when standing on the footway, and looKing in a direction from 
the tower, another person crosses the eastern extremity of the 
bulwark, passing through th^ water-gate, either to or from 
the sea, there is produced the appearance of two persons 
moving in opposite directions, constituting what has been 
termed a lateral mirage : first one is seen moving past, and 
then the other in an opposite direction, with some mterval be- 
tween them. In looking over the parapet, distant objects are 
seen variously modified ; the mountains (in Fife^ being con- 
verted into immense bridges ; and on going to the eastward 
extremity of the bulwark, and directing the eye towards the 
tower, the latter appears curbusly modified, part of it being 
as it were cut off and brought down, so as to form another 
small and elegant tower in the form of certain sepulchral 
monuments. At other times it bears an exact resemblance to 
an ancient altar, the fire of which seems to burn with great 
intensity.* 

(155.) In order to explain as clearly as possible how the 
erect and inverted image of a ship is produced as in ^. 131., 
let S P {fig, 133.) be a ship in the horizon, seen at £ by 

Fig, 13^ 




means of rays S E, P E passing in straight lines through a 
track of air of uniform density lying between the ship and the 
eye. If the air is more rare at c than at a, which it may be 
from the coldness of the sea below a, its refractive power will 

* Edinburgh Journal of Science^ No. V. p. 13 



be kiB at c than at a. In this case, rays S d^ P c, wbki^ 
under ardinary circumstaBces, oever could baye readied the 
eye at E, will be bent into curve lines F CfQd; and if the 
variation of density is such that the uppenwiBt of these rays 
B d crosses the other at any point j?, then S d will be under- 
most, and will enter the eye £ as if it came from the lower 
end of the object. If E |), E s, are tangents to these curves 
or rays, at the point where they enter the eye, the part S of 
the ship will be seen in the direction £ «, and the part P in 
tiie direction E p; that is, the ima^ sp will be inverted. In 
like manner, outer rays, S n, P m, may be bent into curves 
S i» E, P m E, which do not cross one another, so that the 
tangent E «' to the curve or ray S n will still be uppermost, 
and the tangent £ j»' undermost Hence the observer at £ 
will see an erect image of the ship at s* p' above the inverted 
image s p, as in ^. 131. It is quite clear that the state of 
the air may be such as to exhibit only ooe of these images, 
and that these appearances may be all seen when the real Si^ 
is beneath the horizon. 

In one of captain Scorei^y's observations we have seen 
that the ship was drawn out, or magnified, in a vertical direc- 
tion, while another ship was contracted or diminished in the 
ffime direction. If a cause should exist, which k quite pos- 
sible, which elon^ted the ship horizontaily at the same time , 
that it elongated it vertically, the effect would be «milar to 
that of a convex lens, and the ship would appear magnified, 
and might be recognized at a distance &i -beyond the limits of 
nnassifiSed vision. This very case seems to have occurred. 
On the 26th July, 1798, at Hastings, at five p. m. Mr. Latham 
saw ^e French coast, which is about 40 or 50 miles distant, 
as distinctly as through the best glasses. The sailors and fish- 
ermen could not at first be persuaded. of the reality of the ap- 
pearance ; but as the cli£& gradually appeared more elevated, 
they were so convinced that they pointed out and named to Mr. 
Latham the different places which they had been accustomed 
to visit: such as the bay, the windmill at Boulogne, St Yallery, 
and other places on the coast of Picardy. All these places 
c^peared to them as if they were sailing at a small distance 
into the harbor. fVom the eastern clin or hill, Mr. Latham 
saw at once Dungeness, Dover clifi^ and the French coast, all 
the way from Calais, Boulogne, cm to St Yallery, and, as some 
of the fishermen afiirmed, as fiir as Dieppe. The day was ex- 
tremely hot, without a breath of wind, and objects at some 
distance appeared greatly magnified. 

This class of phenomena may be well illustrated, as I have 

T2 
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elsewhere* sagffested, by holding a mass of heated iron above 
a considerable Siickness of water, fdaced in a glass trough, 
with plates of parallel glass. By withdrawing the heated 
iron, the gradation of density increasing downwards, will be 
accompanied by a decrease of d^isity nam the surfiice, and 
through such a medium the phenomena of the mirage may be 
seen* 

(156.) That some of the phenomena ascribed to unusual 
refraction are owing to unusual reflexion, arising from differ- 
ence of density, cannot, we think, admit c^ a doubt If an 
observer beyond the earth's atmosphere at S, Jiff. 129., were 
to look at one composed of strata of different refractive powers 
as shown in the figure, it is obvious that the light of the sua 
would be reflected at its passage throng the boundary of each 
stratum, and the same would happen if the variation of re- 
fractive power were perfectly gradual. Well described cases 
of this kind ar^ wanting to enable us to state tbe laws of the 
phenomena; but the following fact, as described by Dr. 
Buchan, is so distinct, as to leave no doubt respecting its ori- 
gin. "Walking on the cliff," says he, "about a mile to the 
east of Brighton, on the morning of ^e 18th of November, 
1804, while watching the rising d^ the sun, I turned my eyes 
directly towards the sea just as the solar disc emerged from 
. the surface of the water, and saw the &ce of the cliff on 
which I was standing represented precisely opposite to me at 
some distance on the ocean. Calling the attention of my 
companion to this appearance, we soon also discovered our 
own figures standing on the summit of the opposite apparent 
cliff, as well as the representation of a windmill near at hand. 
The reflected images were most distinct precisely opposite to 
where we stood, and the false cliff seemed to fade away, and 
to draw near to the real one, in proportion as it receded 
towards the west This phenomenon lasted about ten minutes, 
till the sun had risen nearly his own diameter above the sea. 
The whole then seemed to be elevated into the air, and suc- 
cessively disappeared, like the drawing up of a drop scene in 
a theatre. The surface of the sea was covered with a dense 
fog of many yards in height, and which gradually receded 
before the rays of the sun. The sun's light fell upon the cliff 
at an incidence of about 73° from the perpendicular." 

* Edinbttrffh EneydoptBdia^ art. Heat. 



CHAP» ZXXII OM THE BAIlfBOW. 228 

CHAP. XXXIL 

ON THE RAINBOW.'*' 

(157.) The rainbow is, as every person knows, a luminous 
arch extending across the region of the sky opposite to the 
sun. Under very favorable circumstances, two bows are seen, 
the inner and the outer, or the primary and the secondary^ 
and within the primary rainbow, and in contact with it, and 
without the secondary one, there have been seen supernu- 
merary bowa 

The primary or inner rainbow, which is commonly seen 
alone, is part of a circle whose radius is 42^. It consists of 
seven difi^rently colored bows, viz. violet, which is the inner- 
most, indigo, blue, green, yeUow, orange, and red, which is 
the outermost These colors have the same proportional 
breadth as the spaces in the prismatic spectrum. This bow is, 
therefore, only an infinite number of prismatic spectra, ar- 
ranged in the circumference of a circle ; and it would be easy, 
by a circular arrangement of prisms, or by covering up all the 
central part of a large lens, to produce a small arch of exactly 
the same colors. AH that we require, therefore, to ferm a 
rainbow, is a great number of transparent bodies capable of 
forming a great number of prismatic spectra from the light of 
the sun. 

As the rainbow is never seen, unless when rain is actually 
fidling between the spectator and the sky opposite to the sun, 
we are led to believe that the transparent bodies required are 
drops of rain which we know to be small spheres. If we look 
into a globe of glass or water held above the head, and oppo- 
site to the sun, we shall actually see a prismatic spectrum re- 
flected firom the farther side of the globe. In this spectrum 
the molet rays will be innermost, and the spectrum vertical. 
If we hold ihe globe horizontal on a level with the eye, so as 
to see the sun*8 light reflected in a horizontal plane, we shall 
see a horizontal spectrum with the violet rays innermost In 
like manner, if we hold a globe in a position intermediate be* 
tween these two, so as to see the sun's light reflected in a 
plane inclined 45° to the horizon, we shall perceive a spec- 
trum inclined 45° to the horizon with the violet innermost 
Now, since in a shower of rain there are drops in all positions 
relative to the eye, the eye will receive spectra inclined at all 
angles to the horizon, so that when combined they will form 
the large circular spectrum which constitutes the rainbow. 

* In ihe College edition, see Appendix of Ani.ed. chap. vii. 
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To explain this more clearly, let E, F,^. 134., be drops of 
rain exposed to the sim^s rays, ineideat upon them in the 




directions RE, R F; out of the whole beam of light which 
fidls upon the drop, those rays which pass throufi^h or neiur the 
axis c^ the drop will be renacted to a focus behind it, but 
those which M\ on the upper side of the drop will be refracted, 
tiie red rays least, and the violet most, and will fall upon the 
back of the drop with an obliqui^ such that many of them 
wUl be reflected, as shown in the figure. These rays will be 
again refracted, and will meet the eye at O, which will per- 
ceive a spectrum or prismatic image of the sun, with the red 
space uppermost, and the violet undermost If the sun, the 
eye, and the drops E, F, are all in the same vertical plane, the 
spectrum produced by £, F will form the colors at the very 
summit of the bow as in the figure. Let us now suppose a 
drop to be near the* horizon, so that the eye, the drop, and the 
sun, are in a plane inclined to the horizon ; a ray of the sun^s 
light will be reflected in the same manner as at E, F, with 
this difierence only, that the plane of reflexion will be in- 
clined to the horizon, and will form part of the bow distant 
fhrni the summit. Hence, it is manifest, that the drops of rain 
above the line joining the eye and the upper part of the rain- 
bow, and in the plane passmg. through the eye and the sun, 
wiU form the upper part of the bow ; and the drops to the 
right and left hand of the observer, and without the line join- 
ii^ the eye and the lowest part of the bow, will form the 
lowest part of the bow on each hand. Not a single drop, 
therefore, between the eye and the space within the bow is 
concerned in its production : so that, if a shower were to fall 
regularly from a cloud, the rainbow would appear before a 
single drop of rain had reached tlie ground. 
If' we compute the inclination of tlie red ray and the violet 
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ray to the incident rays R £, R F, we shall, find it to he 42^ 2' 
for the red, and 40^ 17' for the violet, so that the breadth of 
the rainbow will be the difference of those numbers, or 1° 45', 
or nearly three times and a half the sun^s diameter. These 
results coincide so accurately with observation, as to leave no 
doubt that the primary rainbow is produced by tyro refractions 
and one interviediate reflexion of the rays that fall on the 
upper sides of the drops of rain. 

It is obvious that the red and violet rays will suflTer a second 
reflexion at the points where they are represented as quitting 
the drop, but these reflected rays will go up into the sk^, and 
cannot possibly reach the eye at O. But though this is the 
case with rays that enter the upper side of the drop as at E F, 
or the side farthest from the eye, yet those which enter it on 
the under side, or the side nearest the eve, may after two re- 
flexions reach the eye, as shown in the drops H, G, where the 
rays R, R enter the drops below. The red and violet rays 
will be refracted in different directions, and after being twice 
reflected will be finally refracted to the eye at O ; the violet 
forming the upper part, the red the un^er part of the spectrum. 
If we now compute the inclination of these rays to the inci- 
dent rays R, R, we shall find them to be 50° 57' for the red 
ray, and 54° 7' fca* the violet ray ; the diflerence of which or 
3° 10' will be the breadth of the bow, and the distance be- 
tween the bows will be 8° 55'.* Hence it is clear that a 
secondary bow will be formed exterior to the primary bow, 
and with its colors reversed, in consequence of their being 
produced by two reflexions and two refractions. The breadth 
of the secondary bow is nearly twice as great as that of the 
primary one, and its colors must be much fainter, because it 
consists of light that has suffered two reflexions in place of one. jT 

(158.) Sir Isaac Newton found the semi-diameter of the in- TK 
terior bow to be 42°, its breadth 2° 10', and its distance from ^ 
the outer bow 8° 80' ; numbers which agree so well with the 
calculated results as to leave no doubt of the truth of the ex- 
planation which has been given. But if any farther evidence 
were wanted, it may be found in the fiict, which I observed in 
1812, that tfie light of both the rainbows is wholly polarized 
in ^nes passing through the eye and the radii of the arch. 
This result demonstrates that the bows are formed by reflexion 
at or near the polarizing angle, from the surface of a trans- 
parent body. The production of artificial rainbows by the 
spray of a waterfall, or by a shower of drops scattered by a 
mop, or forced out of a syringe, is another proof of the pro* 

*-| ■ _ ■- I I M I 1 ■ ■ ■ I - " ~ 

* No correction for the sun's apparent diameter, is bere made. 
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ceding explanation. Lunar rainbows are sometimes seen, Imt 
the cdors are faint, and scarcely perceptible. In 1614, 1 saw, 
at Berne, a fog-bow, which resembled a nebuloas arch, in 
which the colors were invisible. 

(159.) On the 5th of July, 1828, 1 observed three supemur 
merary bows- within the primary bow, each consisting of 
green and red arches, and m contact with the ^ioZet arch of 
the primary bow. On the outside of the outer or secondary 
bow I saw distinctly a red arch, and beyond it a very &int 
green one, constituting a supernumerary l)ow, analogous to 
Siose within the primary rainbow. 

Dr. Halley has shown that the rainbow formed by three re- 
flexions within the drops will encircle the sun Itself at the 
distance of 40° 20', and that the rainb»w formed by four re- 
flexions will likewise encircle him at ^e distance oi 45° 33'. 
The rainbows formed by five reflexions will be partly covered 
by the secondair bow. The light which forms these three 
bows is obviously too faint to md^e any impression on our 
organs, and these rainbows have therefore never been observed. 

Many peculiar rainbows have been seen and described. On 
the 10th August, 1665, a faint rainbow was seen at Chartrea^ 
crossing the primary rainbow at its vertex. It waj3 formed by 
reflexion from the river. 

On the 6th August, 1698, Dr. Halley, when walking on the 
walls of Chester, observed a remarkable rainbow, shown in 
fig, 135., where A B C is the primary bow, D H E the second- 
ary one, and A F H G C the new bow intersecting the secoad- 
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ary bow D H E, and dividing it nearly into three parts. Dr. 
Halley observed the points F, G to rise, and the arch P G 
gradually to contract, till at length the two arches F H G and 
P G coincided, so that the secondary iris for a great space lost 
its colors, and appeared like a white arch at the top. The new 
bow, A II C, had its colors in the same order as the primary 
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one A B C, aad eonseqiieiitly the reverse of the secondary 
l)ow ; and on this account the two opposite spectra at G and F 
counteracted each other, and produced whiteness. The sun 
at this time shone on the river Dee, which was unruffled, and 
Pr. Halley found that the how A H C was only that part of 
the circle of the primary bow that would have been under the 
castle bent upwards by reflexion from tlie river. A third 
rainbow seen between the two common ones, and not con- 
centric with them, is described in Rozier*s Journal, and is 
doubtless the same phenomenon as that observed by Dr. Halley. 
Red rainbows, distorted rainbows, and inverted rainbows on 
the grass, have been seen. The latter are formed by the drops 
of rain suspended on the spiders' webs in the fields. 



CHAP. XXXHL 

ON nJOJOS, CORONJB, PARHiaJA, AND FARASELENJS. 

(160.) When the sun and moon are seen in a clear sky, 
they exhibit their luminoys discs without any change of color, 
and without any attendant phenomena. In other conditions 
of the Atmosphere, the two luminaries not only experience a 
chai^ ef cok>r, bat are surrounded with a variety of luminous 
eircles of various sizes and forms. When the aur is charged 
with dry exhalations, the sun is sometimes as red as blood. 
When seen tlxroush watery vapors, he is shorn of his beams, 
but preserves his disc white and colorless ; while, in another 
state of the sky, I have seen the sun of the most brilliant 
salmon color. When light fleecy clouds pass over the sun and 
moon, they are often encircled with one, two, three, or even 
more, colored rings, like those of thin plates ; and in cold 
weather, when particles of ice are floating in the higher re- 
gions, the two luminaries are frequently surrounded with the 
most complicated phenomena, consisting of concentric circles^ 
circles passing through their ^iscs, segments of circles, and 
mock suns or moons, formed at the points where these circles 
intersect each other. 

The name halo is given indiscriminately to these phenom- 
ena, whether they are seen round the sun or the moon. They 
are called parhelia when seen round the sun, and paraseleruB 
when seen round the moon. 

The small haJos seen round the sun and moon in fine wea- 
ther, when they are partially covered with light fleecy clouds, 
have been also called cortmte. They are very common round 
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the sun, though, from the overpowerinff brightness of his rays, 
they are best seen when he is observed hy reflexion from the 
surfece of still water. In June, 1692, Su* Isaac Newton" ob- 
served, by reflexion in a vessel of standing water, three rings 
of color round the sun, like three little rainbows. The colors 
of the first or innermost were bltie next the sun, red without, 
and white in the middle between the blue and red. The colors 
of the second ring were purple and blue within, and ptde red 
without, and green in Ine middle. The colors of die third 
ring were pale blue within and ptUe red without The colors 
and diameters of tiie rings are* more particularly given as fid- 
lows : — 

1st Ring - Blue, white, red - Diameter, 5^ to 6^. 

3d Ring - Pale blue, pale red - Diameter, 12^. 

On the 19th February, 1664, Sir Isaac Newt(»i saw a hah 
round the moon, of two -rings, as follows : — 

1st Ring • White, bluish green, yellow, red - Diameter, 3^ 
2d Ring • Blue, green, red Diameter, 5^*^ 

Sir Isaac considers these rings as fi)rmed by the light pass- 
ing through very small drops ol water, in the same maimer as 
the colors of thick plates. On the supposition that the glob- 
ules of water are the 500th of an inch in diameter, he finds 
that the diameters of the rings should be as follows : — 

Ist Red ring Diameter, 71° 

2d Red ring - Diameter, 101° 

3d Red ring Diameter, 12<^ 33' 

The rings will increase in size as the globules become less^ 
and diminuh if the globules become larger. 

The halos round the sun and moon, which have excited 
most notice, are those which are about 47° and 94° in diame- 
ter. In (»xler to form a correct idea of them, we shall give 
accurate descriptions of two ; one a parJielioUf and the other a 
paraselene. 

The following is the original account of a parhelion^ seen 
by Scheiner in 1630 : — 

(161.) " The diameter of the circle M Q N next to the sun, 
was about 45°, and that of the circle O R P was about 95° 20'; 
they were colored like the primary rainbow ; but the red was 
next the sun, and the other colors in the usual order. The 
breadths of all the arches were equal to one another, and 
about a third part less than the diameter of the sun, as repre- 
sented in^. 136. ; though I cannot say but the whitish circle 
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O G P, parallel to the horizon, was rather bidder than the 
rest The two parhelia M, N were Hvely enough, but the 




other two at O and P were not so brisk. M and N had a pur- 
ple redness next the sun, and were white in the opposite parts. 
O and P were all over white. They all diflered in then: du- 
rations ; for P, which shone but seldom and but faintly, van- 
ished first of all, being" covered by a collection of pretty thick 
clouds. The parhelion O continued constant for a OTeat while, 
though it was but faint The two lateral parhelia M, N were 
seen constantly for three hours together. M was in a lan- 
guishing state, and died first, after several struggles, but N 
continued an hour after it at least. Though I did not see the 
last end of it, yet I was sure it was the onl^ one that accom- 
panied the true sun for a long time, havmg escaped those 
clouds and vapors which extinguished the rest However, it 
vanished at last, upon tilie fall of sonie small showers. This 
phenomenon was observed to last 4} hours at least, and since 
it appeared in perfection when T first saw it, I am persuaded 
its whole duration might be above five hours. 

*' The parhelia Q, R were situated in a vertical plane pass- 
ing through the eye at F, and the sun at G, in which verticri 
the arches H R C, O R P either crossed or touched one an- 
other. These parhelia were sometimes brighter, sometimes 
fiunter than the rest, but were not so perfect in their shapo 
and whitish color. They varied their magnitude and color ac- 
cording to the different temperature of 3ie sun's light at G, 
and the matter that received it at Q. and R ; and therefore 

U 
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their ligbt and colot were almost always fluctoating, and con- 
tinued, as it were, in a perpetual conflict I took particular 
notice that they appeared almost the first and last of the par- 
helia, excepting that of N. . 

<* The arches which composed the small halo M N next to 
the sun, seemed to the eye to compose a single circumference, 
but it was caused, and had unequal breadths; nor did it con- 
stantly continue like itself but was perpetually fluctuating. 
But in reality it consisted of the arches expressed in the 
figure, as I accurately observed for this very purpose.* These 
arches cut each other in a point at Q, and there th^y formed a 
parhelion ; the parhelia M, N shininff from the common inter > 
sections of the mner halo, and the whitish circle O N M P.'^ 

(162.) Hevelius observed at Dantzic, on the 30th of March, 
1660, at one A. M., the paraselene shown in fg, 137. The 
moon A was seen surrounded by an entire whitish circle 

Fig. 137. 




B C D E, in which there were two mock moons at B and D; 
one at each side of the moon, consisting of various colors, and 
shooting out very long and whitish beams by fits. At about 
two o'clock a larger circle surrounded the lesser, and reached 
to the horizon. The tops of both these circles were touched 
by colored arches, like inverted rainbows. The inferior arch 
at C was a portion of a large circle, and the superior at F a 
portion of a lesser. This phenomenon lasted nearly three hours. 
The outward great circle vanished first. Then the larger in- 
verted arch at C, and then the lesser ; and last of all the inner 

* The four intersectinfr circles which form this inner halo are described 
from four centres, one at each angle of a small square. 
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circle BCD E disappeared. The diameter of this inner circle, 
and also of the superior arch, was 45°, and that of the exterior 
circle and inferior arch was 90°, 

On another occasbn Hevelius observed a large white rec- 
tangular cross passing through the disc of the moon, the moon 
being in the intersection of the cross, and encircled with a 
halo exactiy like the inner one in the preceding figure. 

(163.) The frequent' occurrence of the halos of 47° and 049 
in cold weather, and especially in the northern regions of the 
globe, led to thQ belief that they must be formed by crystals 
of ice and snow floating in the air. Descartes supposed that 
they were produced by refraction, through flat stars of pellucid 
ice ; and Huygens, who investigated the subject both experi- 
mentally and tbte^oretically, has published an elaborate theory 
of halos, in which he assumes the existence of particles of 
hail, some of which are globular and others cylindrical, with 
an opaque nucleus or kernel having a certain proportion to the 
whole. He supposes these cylinders to be kept in a vertical 
position, by ascending currents of air or vapor, and to have 
their axes at all possible inclinations to the horizon, when they 
are dispersed -by the wind or any other causes. He considers 
these cylinders to have been at first a globular collection of 
the softest and purest particles of aiow, to the bottom of which 
other particles adhere, the ascending currents preventing 
them from adhering to the sides ; they will, therefore, assume 
a cylindrical shape. Huygens then supposes that the oute^ 
part of the cylinders may be melted by the heat of the sun, a 
small cylinder remaining unmelted in the centre, and that if 
the melted part is again frozen, it may have sufficient trans- 
parency to refract and reflect the rays of the sun in a regular 
mann«r. By means of this apparatus, the existence of which 
is not impossible, Huygens has given a beautiful solution of 
almost all the difficulties which have been encountered in ex- 
plaining the origin of halos. 

Sir Isaac Newton regarded the halo of 45° as produced by 
ti diflerent cause from the small prismatic coronie ; and he was 
of opinion that it arose fi'om refiraction " from some sort of 
hail or snow floating in the air in a horizontal posture, the re- 
fracting angle being about 58° or 60°." 

When we consider, however, the great variety of crystal- 
line forms which water assumes in freezing ; that these crys« 
tals really exist in a transparent state in the atmosphere, in 
the form of crystals of ice, which actually prick the skin like 
needles ; and that simple and compound crystals of snow, of 
every conceivable variety of shape, are often fidlln^ through 
tbe atmosphere, and sometimes melting in passing £rough its 
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lower and warmer strata, we do not require any hypothetical 
cylinders to account for tiie principal phenomena of haloe. 

Mariotte, Young, Cavendish, and others, have agreed ia 
ascribing the halo of 45° or 46° in diameter, to re&action 
through prisms of ice, with refracting angles of 60° floating 
in the air, and having their refracting angles in all directions. 
The crystals of tioar-&ost have actually such angles, and if we 
compute the deviation of the refracted rays of the sun or moon 
incident upon such a prism, with the index of re&action for 
ice, taken at 1*31, we shall find it to be 21° 50', the double 
of which is 43° 40'. In order to explain the larger halo. Dr. 
Voung supposes that the rays which have been once re&acted 
by the prism may fall on other prisms, and the efiect then be 
doubled by a second refraction, so as to produce a deviation 
of 90°. This, however, is by no means probable, and Dr. 
Young has candidly acknowledged the " great apparent prob- 
ability" of Mr. Cavendish's suggestion, that the external hajo 
may be produced by the refraction of the rectangular termi- 
nations of the crystala With an index of refraction of 1*31, 
this ^ould give a deviation of 45° 44', or a diameter of 91° 
28', and the mean of several accurate measures is 91° 40', a 
very remarkable coincidence. 

'The existence of prisms with such rectangular terminations 
is still hypothetical ; but I have removed the difficulty on this 
point, by observing in the hoar-frost upon stones, leaves, and 
wood, regular quadrangular crystals of ice, both simple and 
compound. 

Although haloe are generally represented as circles, with 
the sun or moon in their centres, yet their apparent form is 
commonly an irregular oval, wider below than above, the sun 
being nearer their upper than their lower extremitj^ Dr. 
SmiSi has shown that this is an optical deception, arising from 
the apparent figure of the sky, and he estimates that when 
the circle touches the horizon, its apparent vertical diameter 
is divided by the moon, in the proportion of about 2 to 3 or 4 ; 
and is to the horizontal diameter drawn through the moon as 4. 
to 3, nearly. 

With the view of ascertaininfif if any of the halos are form- 
ed by reflexion, I have examined them with doubly refracting 
prisms, and have found that the light which forms them has 
not suffered reflexion. 

The production of halos may be illustrated experimentally 
by crystallizing various salts upon plates of glass, and looking 
through the plates at the sun or a candle. When the crystals 
are granular and properly formed, they will produce the finest 
effects. A few drops of a saturated solution of alum, for ex- 
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ample, ipread over a ])late of gloss so as to CQ^stallize quickly, 
WW cover it with an imperfect cruBt, consistine of flat octo- 
hedial ciretala, scarcely visible to the e^e. When the ob- 
server, with his eye placed close behind the smooth side of the 
glam plate, looks through it at a luminoua body, he wilt pei^ 
ceivB three ^ne hUoi at different distances, encircling the 
source of light The interior halo, which is the whitest of 
the three, is fiintied by the refraction of the ra^s through a. 
pair of feces in the crystals that are least incHned to each 
other. The second hilo, which is blue without and red within, 
with all the prismatic colors, is formed by a pair of more in- 
clined tkcea; and the third halo, which Islar^ and brilliaotly 
colored, from the increased refraction and dispersion, is ibrmed 
1^ the most inclined feces. As each crystal of alum has three 
jMirsof each of these included prisms, and as these refracting 
feces will have every possible direction to the horizon, it is 
easy to understand how the balos are completed and equally 
luminous throughout When the crystals have the property 
(rf double refraction, and when then' axis is perpendicutar to 
the plates, more beautijiil combinations will be produced. 

(164.) Among the luminous phenomena of the atmosphere, 
we may heie notice that of convening and diverging solar 
beams. The phenomenon of diverging beams, represented in 
Jig. 138., is of -frequeat occurrence in summer, and when the 
son is near ths-horizon ; and arises from a portion of the sun's 



rays passing through openings in the clouds, while the adjacent 
portions are ob^ructed by Uie clouds. The phenomenon of 
cojiterging beams, which is of much rarer occurrence, is 
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flbowQ ID Jig. 139., where the mjB converge to a point A, as 
fax below the horizon M N as the sun ia aSove it This ]jie- 
is alwajB seen oppceite to the sun, and generally st 



the earns time with the phenomenon of diverging' beanu^ as if 
another ffun, diametrically opposite to the real one, were below 
the horizon at A, and throwing out hie divergent beams. In a 
phenomenon of this kind which I saw in 1824, the eaeteni 
portion of the horizon where it appeared was occupied with a 
block cloud, which seems to be necessary as a ground, for 
rendering visible such feeble radiations. A few minutes after 
the phenomenon was first seen, the converging lines were 
black, or very dark ; an eOect which seems to have arisen 
from the liunmous beams having became broad and of unequal 
intensity, so that the eye took up, as it were, the dark spaces 
between the beams more readily than the luminous beams 
themselves. 

This phenomenon is entirely one of perspective. Let us 
suppose beams Inclined to one another like the meridians of a 
globe to diverge from the sun, as these meridians diverge trora 
Uie north pole of the globe, and let us suppose that planes 
pass through all these meridians, and through the line joining 
the observer and the sun, or their common intersection. An 
eye, therefore, placed in Uiat line, or in Uie common inteiseo 
tion of all the fifteen planes, will see the fifteen beams con- 
verging to a point opposite the sun, just as an eye in the axis 
of a globe would see all the fifteen meridians of the globe 
converge to its south pole. If we suppose the B:iis of a globa 
or of an armillary sphere to be directed to the centres ta the 
diverging and converging beams, and a plane to pa£B through 
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th« globe parallel to the Jiori2aD, it would cut off the meri- 
dians 80 as to exhibit the precise appearmceB in Jig, 198. and 
fig. 199. ; with this difference onl^, Ihat there woaul be fifteen 
b^uns in the diverging system m the place of the number 
shown in fig, 199. 



CHAP. XXXIV. 

ON THE C0L0K8 OF BATITBAL BODIBB. 

(165.) Thbrx is no branch of the application of opticat 
acioice which possesses a greater interest than that whidi 
proposes to determine the cause of the colors of natural bodies. 
Sir Isaac Newton was the first who entered into an elaborate 
investigation of tins difficult subject; but Ihou^ his specula* 
tions are marked with the peculiar ^nius of their autlrar, yet 
they will not stand a rigorous exammation under the lighta of 
modern science. 

That the colors of material nature are not the result of any 
quality inherent in the colored body has been incontrovertibly 
proved by Sir Isaac. He ibund that all bodies, d whatever 
color, exhibit that color only when they are placed in white 
%ht. In homogeneous red light the^ appeared red, in violet 
liffht violet, and so on ; their colors bemg always best displayed 
when placed in their own daylight colors. A red wafer, for 
example, appears red in the white light of dav, because it re- 
flects red light mcHre copiously than any of the other colors. 
If we place a red wafer m yellow light, it can no longer ap- 
pear red, because there is not a particle of red light in the 
yellow light which it could reflect It reflects, however, a 
portion or yellow light, because there is some yellow in the 
red which it does reflect. If the red wafer had reflected no> 
thing but pure homogeneous red light and not reflected white 
light fix>m its outer sur&ce, which all colored bodies do^ it 
would in that case have appeared absolutely black when 
placed in yellow light The colors, therefore, of bodies arise 
from their property of reflectinff or transmitting to the eye 
certain rays of white lig[ht, whue they stifle or stop the re- 
maining rays. To this point the Newtonian theory is support* 
ed by mfiillible experiments ; but the principal part of the 
theory, which has fi>r its object to determine the manner in 
which particular rays are stopped, while others are reflected 
or trBBsmitted, is not so well fiHmded. 
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Ab Sir Isaac has stated the principles of his thecny with the 
greatest clearness) we shall give them in his own worda 

«*lst, Those superficies of transparent bodies reflect the 
greatest quantity o^ light which have the greatest refracting 
power; that is, which separate media that difler most in their 
refracting power. And in the confines of equally refracting 
media there is no reflexion. 

*'2d, The least parts of almost all natural bodies are in 
some measure transparent ; and (he opacity of these bodies 
arises from the multitude of reflexions caused in their internal 
parts. 

" dd, Between the parts of opaque and colored bodies are 
many spaceS) either empty, or replenished with mediums of 
other densities; as water between the tinging corpuscles 
wherewith any liquor is impregnated; air l^tween- the 
aqueous globules that constitute clouds or mists ; and for the 
most part spaces, void of both air and water, but yet perhaps 
not wholly void of all substance, between the parts of aU 
bodies. 

" 4th, The parts of bodies and their interstices must not be 
less than of some definite bigness, to render them opaque and 
colored. 

"5th, The transparent parts of bodies, according to their 
several sizes, reflect rays of one color, and transmit those of 
another, on the same grounds that thin plates or bubbles do 
reflect or transmit these rays; and this I take to be the ground 
of all their colors." 

"6th, The parts of bodies on which their colors depend are 
denser than the medium which pervades their intersticea 

♦* 7th, The bigness of the component parts of natural bodies 
may be conjectured by their colors." 

Upon these principles Sir Isaac has endeavored to explain 
the phenomena of transparency, black and white opacity, and 
color. He regards the transparency of water, salt, glass, 
atones, and such like substances, as arising from the smallness 
of their particles, and the intervals between them ; for though 
he considers them to be as full of pores or intervals between 
the particles as other bodies are, yet he reckons the particles 
and their intervals to be top small to cause reflexion at their 
common surfaces. Hence it follows, from the table in page 
93, that the particles of air and their intervals cannot exceed 
the half of a millionth part of an inch ; the particles of water 
the fth of a millionth, and those of glass the |d of a millionth; 
because at these thicknesses the light reflected is nothing, or 
the very black of the first order. The opacity of bodies, such 
as that of white paper, linen, &,c,, is aecribcd by Newton to a 
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greater size of the particjciS and their intervals^ viz. siieh a 
size as to reflect the white, which is a mixture of the colors 
of the difierent order?. Hence in air they must exceed 77 
millionths of an inch, in water 57 millionths, and in glass 50 
million ths. 

In like manner aU the different colors in Newton's tahle 
are supposed to be produced when the particles and their i^ 
tervals have an intermediate size between that which pro* 
duces transparency and that which produces white opacity. 
If a ^m of mica^ for example, of an uniform blue color, is cut 
into the smallest pieces of the same thickness, every piece 
will keep its color, and a heap of such pieces will cmistitute a 
mass of the same color. 

So &r the Newtonian theory is plausible ; but in attempting 
to explain black opacity, such as that of coal and other bodies 
absolutely impervious to light, it seems to fail entirely. To 
produce blackness, ** the particles must be less than any oi 
those which exhibit color. For at all greater sizes there is toe 
much light reflected to constitute this ccdor ; but if they be 
supposed a little less than is requisite to reflect die white and 
very faint blue of the tot order, they will reflect so very little 
light as to appear intensely black.*' That such bodies will be 
bkck when seen , by reflexion is evident ; but what becomes 
€i all the transmitted light ? This question seems to have 

rplexed Sir Isaac. The answer to it is, ^* tl may perhaps 
variously refracted to and fro within the body, until it 
happens to be stifled and lost ; by which means it wUl aj^pear 
intensely black.'* 

In this theory, therefore, tran^areney and blach9^$ are 
supposed to be produced by the very same constitution of the 
body ; and a refraction to and fro m assumed to extioguidi 
the transmitted light in the one case, while in the ether such 
a refraction is entirely excluded. 

In the production of cok»s of every kind, it is assumed 
that the complementary color, or generally one half of the 
light, is lost by repeated reflexions. Now, as r^exion only 
changes the direction of light, we should expect that the ligljl 
thus scattered would show it^lf in some mask or other ; but 
though many accurate experiments have been made to discover 
it, it has never yet been seen. 

For these and other reasons,*! which it would be out of 
place here to enumerate, I consider the Newtonian theory of 

* See a more detailed examination of the theory in my Life of Sir Isaac 
Newton. 

t For an account of Sir David Brewster's outline of a new theory of the 
eolors of natural bodies, see Note VII. of Am. ed. 
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colors as applicable only to a small class of phenomena, while 
it leaves unexplained the colors of fluids and transparent 
solids, and all the beautiful hues of the vegetable kingdom. In 
numerous experiments on the colors oi leaves, and on the 
juices expressed from them, I have never been able to see the 
complementary color which disappears, and I have almost in- 
variably found that the transmitted and the reflected tint is 
the same. Whenever there was an appearance of two tints, 
I have found it to arise from there being* two difierently color- 
ed juices existing in difierent sides of the leaf. The New- 
tonian theory is, we doubt not, applicable to the cobrs of the 
wings of insects, the feathers of birds, the scales of fishes, the 
oxidated films on metal and glass, and certain opalescences. 

The colors of vegetable life and those of various kinds of 
solids arise, we are persuaded, horn a specific attraction which 
the particles of these bodies exercise over the differently col- 
ored rays of light It is by the light of the sun that the colored 
juices of plants are elaborated, that the colors of bodies are 
changed, and that many chemical combinations and decompo- 
sitions are efiected. It is not easy to allow that such efifecto 
can be produced by the mere vibration of an ethereal medium ; 
and we are forced, by this class of facts, to reason as if light 
was materraL When a portion clt light entere a body, and is 
never again seen, we are entitled to say that it is detained by 
some power exerted over the light by the particles of the body. 
That it is attracted by the particles seems extremely probable^ 
and that it enters into combinatimi with them, and produces 
various chemical and physical effects, cannot well be doubted ; 
and without knowing the manner in which this combination 
takes place, we may say that the light is absorbed, which ie 
an accurate expression of the &ct 

Now, in the case of water, slass, and other transparent 
bodies, the light which enters their substance has a certain 
small portion of its particles absorbed, and the greater part of 
it which escapes from absorption, and is transmitted, comee 
out colorless, because the particles have absorbed a propor- 
Hpnal quantity of all the different rays which compose white 
light, or, what is the same thing, the body has absorbed white 
light 

In all colored wlids and fluids in which the transmitted 
li^t has a specific color, the particles of the body have ab- 
sorbed all the rays which constitute the complementary color, 
detaining sometimes all the rays of a certain definite refran- 
gibility, a portion of the rays of other refhingibilities, and aU 
fowing other rays to escape entirely from al^rption ; all the 
rays thus stopped will form by their union a particular cqd»* 
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pound color, which will he exactly complementary to the color 
(jS the transmitted rays. 

In Hack bodies, such as cool, &c., all the rays which enter 
their substance are absorbed ; and hence we see the reason 
why such bodies are more eaiaily heated and inflamed by the 
action of the luminous rays. The influence exercised by heat 
and cooling upon the absorptive power of bodies furnishes an 
additional support to the preceding viewa 

(166.) Before concluding this chapter, we may mention a 
few curious &cts relative to white opacity, black opacity, and 
color, as exhibited by some peculiar substances. 

1st, Tabasheer, whose refractive power is 1*111, between 
air and water, is a silicious concretion found in the joints of 
the bamboo. The finest varieties reflect a delicate azure 
color, and transmit a straw-yellow tint, which is complement- 
ary to the azure. When it is slightly wetted witti a wet 
needle or pin, the wet spot instantly becomes milk white and 
opaque. The application of a greater quantity of water re- 
stores its transparency. 

2dly, The cameleon mineral is a solid substance made hy 
heating the pure oxide of manganese with potash. When it is 
dissolved in a little warm water, the solution changes its color 
from green to blue and purple, the last descending m the order 
of the rings, as if the particles became smaller. 

3dly, A mixture of oil of sweet almonds with soap and sul- 
phuric acid is, according to M. Claubry, first yeUow, then 
orange, red, and violet. In passing from the orange to the 
red, the mixture appears almost black. 

4thly, If, in place of oil of almonds, in the preceding ex- 
periment, we employ the oily liquid obtained from alcohol 
heated with chlorine, the colors of the mixture will be pale 
yellow, orange, black, red, violet, and beautiful blue. 

5thly, Tincture of turnsole, after having been a consider- 
able time shut up in a bottle, has an orange color; but when 
the bottle is opened and the fluid shaken, it becomes in a few 
minutes red, and then molet-blue. 

6thly, A solution of luematine in water containing som« 
drops of acetic acid is a greenish yellow. When introduced 
into a tube containing mercury, and heated by surrounding it 
with a hot iron, it assumes the various colors of yeUow, 
orange, red, and purple, and returns gradually to its pnmitive 
tint 

7thly, Several of the metallic oxides exhibit a temporary 
change of color by heat, and resume their original color by 
cooling. M. Chevreul observed, that when mdigo, spread 
upon paper, is volatilized, its color passes into a very brilliant 
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poppf-ied. The yellow ptHSphnte of lead grows ^Keo whes' 
hot 

fithljr, One of the most TemerkaUe fecU, however, is that 
discovered by H. Thenard. He found that phosphorus, purified 
by repeated distillations, though natHTall; of a whitiah yellovK 
color when allowed to cool sfowly, bec&meg absdutely biaek 
when thrown melted into cold water. Upon touching some 
little globules tliat still remained yellow and liquid when he 
waa repeating this experiment, M. Biot found that they in- 
ttontly becune iolid and blaclt. 
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9 and functions of tbe human 

eye, that maeterpiece of divine mechanism, fiwma an interetrt- 
io^ branch of applied optics. This noble ormu, by means of 
which we acquire so large a portion of out knowledge of the 
material universe, ia represented in Jig». 140. and 141., the 
former being a front and external view of it, and the latter a 
section of it through all ita humors. 

The human eye is of a spherical form, with a slight fito- 
iection in front. The eyeball or globe of the eye consists of 
tour coats or membranes, which have received the names of 
the sclerotic coat, the choroid coat, the cornea, and the retina ; 
and these coats inclose three humors, — the aqtieota humor, 
the vitreota humor, and the crystaUine kumor, the last of 
which has the form of a lens, llie sclerotic coat, aaaa, or 
the outermost, is a strong and tough membrane, to which are 
attached all the muscles which give motion to the eyeball. 
Fig. im. 
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And it constitutes the white of the eye, a a, Jif. 140. The 
cornea, & 6, is the clear and transparent coat which forms the 

Fig. 141. 




frcMit of the eyeball, and is the first optical surface at which 
die rays of light are refracted It is firmly united to the 
sclerotic coat, filling up, as it were, a circular aperture in its 
front The cornea is an exceedingly tough membrane, of 
equal thickness throughout, and composed of several firmly 
adhering layers, capable of opposing great resistance to ex- 
ternal injury. The choroid coat is a delicate membrane lining 
the inner surface of the sclerotic^ and covered on its inner 
surface with a black pigment Immediately within this pig- 
ment, and close to it, lies the retina, rrr, which is tlie inner- 
most coat of alL It is a delicate reticulated membrane, formed 
by the expansion of the optic nerve, O O, which enters the eye 
at a point about ^ of an inch from the axis on the side next 
the nose. At the extremity of the axis of the eye, in a line 
passing through the centre of tiie corriea, and perpendicular 
to its sur&ce, there is a small hole with a yellow margin, 
called the foramen centrale, which, notwithstanding its name, 
is not a real^pening, but only a transparent spot, free from 
the soft pulpy matter of which the retina is composed. 

In looking through the cornea from without, we perceive a 
fla^j circular membrane, ef. Jig, 141., or within, b 6, fig. 140., 
which is grey, blue, or black, and divides the anterior oi the 
eye into two very unequal parts. In the centre of it there is 
a circular opening, d, called the pupU, which widens or ex- 
pands when a smeul portion of light enters the eye, and closes 
or contracts when a great quantity of light enters. The two 
parts into which the iris divides the eye are called the anterior 
and the posterior chambers. The anterior chamber, which is 
anterior to the iris, ef, contains the^aqueous humor; and the 
posterior chamber, which is posterior to the iris, contains the 
crystalline and vitreous humors, the last of which fills a great 
portion of the eyeball. 

V 



I 
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The crystalline lens, c c^fig^ 141., is a more solid substance 
than eitlier the aqueous or the vitreous humor. It is suspended 
in a transparent bag or capsule by the ciliary processes, g g^ 
which are attached to every part of the margin or circumfer- 
ence of the capsule. This lens is more convex behind than 
before ; the radius of its anterior surface being 0*30 of an inch, 
and that of its posterior sur&ce 0-22 of an inch. The lens 
increases in density from its circumference to its centre, and 
possesses the doubly refracting structure. It consists of con- 
centric coats, and these are again composed .of fibres. Ths 
vitreous humor, V V, is contained in a capsule, which is sup- 
posed to be divided into several compartments. 

The total length of the eye from O to 6 is about 0*91 of aR 
inch; the principal focal distance of the lens, cr, is 1*73; and 
the range of the moving eyeball, or the diameter of the field 
of distinct vision, is 110°. The field of vision is 50° above a 
horizontal line and 70° below it, or altogether 120° in a ver- 
tical plane. It is 60° inwards and 90° outwards, or altogether 
in a horizontal plane 150°. 

I have found the following to be the refractive powers of 
the different humors of the eye; the ray of light being inci- 
dent upon them from air : — 

Aqueous Cry^aUi-ne Lens. Vitreous 

Intmor. Siirfcoe. Centre. Metn. HuMOr. 

1-3366. 1-3767. 1-3990. 1-3839. 1-3394. 

But as the rays refracted by the aqueous humor pass into 
the crystalline, and those'from the crystalline into the vitreous 
humor, the indices of refraction of the separating surface of 
each of these humors will be : — 

From aqueous humor to oater coat of the crystaUine 1*0300 

From do. to crystalline, usingf the mean index ^ - 1-0353 

From crystalline outer coat to vitreous 0-9729 

From do. to do. using the mean index - - - 0*9679 

As the cornea and crystalline lens must act upon the rays 
of light which fall upon the eye exactly like a convex lens, 
inverted images of external objects will be formed upon the 
retina r r r in precisely the same manner as if the retina were 
a piece of white paper in the focus of a single lens placed at 
d. There is this dinerence, however, between the two cases, 
that in the eye the spherical aberration is corrected by means 
of the variation in the density of the cnrstallme lens, which, 
having a greater refi-active power near the centre of its mass, 
refracts the central rays to the same point as the rays which 
pass through it near its circumference c c. No provision, 
however, is made in the human eye for the correction of colo 
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because the demtion of the differentJy colored rays is too 
small to produce indistinctness of vision. If we shut up all 
the pupil excepting a portion of its edge, or look past the 
finger held near the eye, till the finder sdmost hides a narrow 
line of white light, we shall see a distinct prismatic spectrum 
<^ this line containing all the different colors; an effect which 
could not take place if the eye were achromatic. 

That an inverted image c^ external objects is formed on 
the retina has been often proved, and may be ocularly demon- 
strated by taking the eye of an ox, and paring away with a 
sharp instrument the sclerotic coat till it becomes thin enough 
to see the image through it Beyond this point optical science 
cannot carry us. In what manner the retina conveys to the 
brain the impressions which it receives from the rays of light 
we know not, and perhaps never g^all know. 

On the Phenomena und Laws of Vim&n 

(167.) 1. On the seat of vision. — The retina, from its deli- 
cate, structure, and its proximity to the vitreous humor, had 
always been regarded as the seat of vision, or the sur&ce on 
which the refracted rays ^ere converged to their foci, for the 
purpose of conveying the impression to the brain, till M. 
Mariotte made the curious discovery that the base of the optic 
nerve, or the circular section of it at O, fig, 141., was in- 
capable of conveying to the brain the impression of distinct 
vision. 

He found that when the image of any external object fell 
upon the base of the optic nerve, it instantly disappeared. In 
order to prove this, we have only to place upon the wall, at 
the height of the eye, three wafers, two feet distant from each 
other. Shutting one eye, stand opposite to the middle wafer, 
and while looking at the outside wafer on the same hand as 
l^e i^ut eye, retire gradually from the wall till the middle 
wafer disappears. This will happen at about five times the 
distance of the wafers, or ten feet from the wall ; and when 
the middle wafer vanishes, the two outer ones will be distinctly 
seen. If candles are sub^ituted for wafers, the middle candle 
will Hot disappear, but it will become a cloudy mass of light 
If the wafers are placed upon a colored wall, the spot occu- 
pied by the wafer will be covered by the color of the. wall, as 
if the wafer itself had been removed. According to Daniel 
Bernoulli, the part of the optic nerve insensible to distinct 
impressions occupies about the seventh part of the diameter 
of the eye, or about the eighth of an inch. 
This unfitness of the l^e of the optic nerve for giving 
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distinct vision, induced Mariotte to believe that th^ cAotomI 
coat, which lies immediately below the retina, performs the 
functions ascribed to the retina; for where there was no 
choroid coat there was no distmct vision. The opacity of the 
choroid coat and the transparency of the retina, which render- 
ed it an unfit ground for the reception of images, were arga- 
ments in favor of this opinion. Comparative anatomy fbrnishes 
us with another argument, perhaps even more conclusive than 
any of those urged by Mariotte. In the eye of the sepia 
loligOj or cuttle-fish, an opaque membranous pigment is intei^ 
posed bettoeen the retinti and the vitreous humor f^ so that, if 
the retina is essential to vision, the impressions of the image 
on this black membrane must be conveyed to the retina by 
the vibrations of the membrane in front of it Now, emt^ 
the human retina is transparent, it will not prevent the images 
of objects from being formed on the choroid coat ; and the 
vibrations which they excite in this membrane, bemg com- 
municated to the retina, will be conveyed to the brain. These 
views are strengthened by another fiict of some interest I 
have observed in young persons, that the choroid coat (which 
is generally su{^)osed to be black, and to grow fainter by age,) 
reflects a brilliant crimson color, like that of dogs and other 
animals. Hence, if the retina is affected by rays Which pass 
through it, this crimson light which must necessarily be tr8n»> 
mitted by it ousfht to excite the sensation of crimson, whic^ 1 
find not to be tne case. 

A French writer, M. Lehot, has recently vtrritten a worl; 
endeavoring^ to prove that the seat of vision is in tiie vitreous 
humor ; ana that, in place of seem? a fiat picture of the ob- 
ject, we actually see an image of Siree dimensions, viz. witii 
length, breadth, and thickness. To produce this efiect, he 
supposes that the retina sends out a number of small nervous 
filaments, which extend into the vitreous humor, and convey 
to the brain tlie impressions of all parts of the image. If this 
theory were true, the eye would not require to adjust itself to 
difierent distances ; and we besides know for certain, that the 
eye cannot see with equal distinctness two points of an object 
at diflferent distances, when it sees one of them perfectly. M. 
Lehot might indeed reply to the first of these objections, that 
the nervous filaments may not extend far enough into the 
vitreous humor to render adjostment unnecessary ; but if we 
admit this, we would be admitting an imperfection of work- 
manship, in so far as the Creator would then be employmg two 

Dr. Knox, Edmb, Journal of Scienc$t No. VI. p. 199. 
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kinds of mechanism to produce an eSEBct which could have 
been easily produced by either of them separately. 

As difficulties still attach to every opinion respecting the 
seat of vision, we shedl still adhere to the usual expression 
used by all optical writers, viz. that the images of objects are 
painted on the retina. 

(168.) 2. On the law of visible direction. — ^When a ray 
of light falls upon the retina, and gives us vision of the point 
of an object from which it proceeds, it becomes an interesting 
question to determine in what direction the object will be seen, 
reckoning from the point where it fidls upon the retina. In 
fig. 142., let F be a point of the retina on which the image of 
a point of a distant object is formed by means of the crystalline 

fig. 143. 




lens, supposed to be at L L. Now, the rays which form the 
imaf e of the point at F fall upon the retina in all possible di- 
rections from L F to L F, and we know that tiie point F is 
seen in the direction F C R. In the same manner, the points 
//' are seen somewhere in the directions /' S,/T. These 
lines F R,/' S,y*T, which may be called the lines of visible 
direction, may either be those which pass through the centre 
C of the lens L L, or, in the case of the eye, through the 
centre of a lens equivalent to all the refractions employed in 
producing the image ; or it may be the resultant of all the 
directions within the angles L F L, L/L ; or it may be a line 
perpei^icular to the retina at F,f'f In order to determine 
this point, let us look over the top of a card at the point of 
the object whose image is at F till the edge of the card is just 
about to hide it, or, what is the same thing, let us obstruct all 
the rays that pass through the pupil excepting the upper ones, 
RL, R C; we shall then find that tiie point whose image is at F, 
is seen in the same direction as when it was seen by all the 
rays L F, C F, L F. If we look beneath the card in a similar 
manner, so as to see the object by . the lower rays, R L F, R C F 

V2 
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we shall see it in the same directioiL Hence it is manifest 
that the line of visible direction does not depend on the direc- 
tion of tha ray, but is always perpendicular to the retina. This 
important truth in the physiology of vision may be proved in 
another way. If we look at the sun over the top of a card, 
as before, so as to impress the eye with a permanent spectrum 
by means of rays L F falling obliquely on the retina, this 
spectrum will be seen along the axis of vision F C. In like 
manner, if we press the eyeball at any part wh6re the retina 
is, we shall see the luminous impression which is produced, in 
a direction perpendicular to the point of pressure ; and if we 
make the pressure with the head of a pin, so as to press either 
obliquely or perpendicularly, we shall fixid that the luminous^ 
spot has the same direction. 

Now, as the interior eyeball is as neaiiy as possible a perfect 
sphere, lines perpendicular to the surface of the retina must 
all pass through one single point, namely, the centre of its 
spherical surface. This oae point may be called the centre of 
visible direction^ because every point of a visible object will 
be seen in the direction of a line drawn from this centre to 
the visiUe point When we move the eyeball by means of it» 
own muscles through its whole range of 110^, every point of 
an object within the area of the visible field either of distinct 
or indistinct vision remains absolutely fixed, and this arises 
from the immobility of the centre d visible direction, and, 
consequently, of the lines of visible direction joining that 
centre and every point in the visible field. Had the centre of 
visible direction been out of the centre of the eyeball, this 
perfect stability of vision could not have existed. If we press 
the eye. with the finger, we alter the spherical fbrm'of the 
surface of the retina ; we consequently alter the direction of 
lines perpendicular to it, and also the centre where these lines 
meet; so that the directions of visible objects should b^ 
changed by pressure, as we find them to be. 

(169.) o. On the cause of erect vision from an inverted 
image. — As the refractions which take place at the surface of 
the cornea, and at the surfaces of the crystalline lens, act eX' 
actly like those in a convex lens in forming behind it an in- 
verted image of an erect object ; and as we know from direct 
experiment that an inverted image is formed on the retina, it 
has been long a problem among the learned, to determine how 
an inverted image produces an erect object. It would be a 
waste of time to give even an outline of the diflferent opinions 
which have been entertained on this subject ; but there is one 
So extraordinary as to merit notice. According to this opinion, 
all infknts riee objects upside down, and it is only by comparing 
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Uie erroneous information acquired by vision with the accurate 
information acquired -by touch, that the young learn to see 
objects in an erect position ! To refute such an opinion would 
be an insult to the intelligent reader. The establishment of 
tha true cause of erect vision necessarily overturns all erro- 
neous hypotheses. 

The law of visible direction above explained, and deduced 
from direct experiment, removes at once every diflSculty that 
besets the subject The lines of visible direction necessarily 
cross each other at the centre of visible direction, so that those 
from the lower part of the image go to the upper part of the 
object, and those from the upper part of the image to the lower 
part of the object Hence, in Jig.- 142. the visible direction 
of the point/', formed by rays coming from the upper end S 
of the object, will be/'C S, and the visible direction of the 
point yi formed by rays coming from the lower end T of the 
object, will be/CT; so that an inverted image necessarily 
produces an erect object 

This conclusion may be illustrated in another way. If we 
hold up against the sun the erect figure of a man, cut out of 
a piece of black paper, and look at it steadily for a little 
while ; if we then shut both eyes, we shall see an erect spec- 
trum of the man when the figure of the paper is erect, and 
an inverted spectrum of him when the figure is held in an 
inverted position. In this case, there are no rays proceeding 
from the object to the retina after the eye is shut, and therefore 
the object is seen in the positions above mentioned, in virtue 
of the lines of visible direction being in all cases perpendicular 
to the impressed part of the retina. 

(170.) 4. On the law of distinct vision. — ^When the eye 
is directed to any point of a landscape, it sees with perfect 
distinctness only that point of it which is directly in the axis 
of the eye, or the image of which falls upon the central hole 
of the retina. But, though we do not see any point but the 
one with that distinctness which is necessary to examine it, 
we still see the other parts of the landscape with sufiicient 
distinctness to enable us to enjoy its general effect The ex- 
treme mobility of the eye, however, and the duration of the 
impressions made upon the retina, make up for this apparent 
defect, and enable us to see the landscape as perfectly as if 
every part of it were seen with equal distinctness. 

The indistinctness of vision for all objects situated out of 
the axis of the eye inweases with their distances from that 
axis ; so that we are not entitled to ascribe the distinctness of 
vision in the axis to the circumstance of the image being 
tbrmed on the central hole of the retina, where there is no 
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nervous matter; for if this were the case, there would be a 
precise boundary between distinct and indistinct vision, or the 
retina would be found to grow thicker and thicker as it re- 
ceded fit>m the central hole, which is not the case. 

In making some experiments on the indistinctness of vision 
at a distance from the axis of the eye, I was led to observe a 
very remarkable peculiarity of oblique vision. If we shut one 
eye, and direct the other to any fixed point, such as the head 
of a pin, we shall see indistinctly all otiier. objects within the 
sphere of vision. Let one of these objects thus seen indis- 
tinctly be a strip of white paper, or a pen lying upon a green 
cloth. Then, after a short time, the strip of paper, or the pen, 
will disappear altogether, as if it were entirely removed, the 
impression of the green cloth upon the surrounding parts of 
the eye extending itself over the part of the retina which the 
image of the pen occupied. In a short time the vanished 
image will reappear, and again vanish. When both eyes are 
open, the very same eflfect takes place, but not so readily as 
with pne eye. If the object seen indistinctly is a black stripe 
on a white ground, it will vanish in a similar manner. When 
the object seen obliquely is luminous, such as a candle, it will 
never vanish entirely, unless its light is much weakened by 
bein^ placed at a great distance, but it swells and contracts, 
and IS encircled with a nebulous halo ; so that the luminous 
impressions must extend themselves to adjacent parts of the 
retina which are not influenced by the light itself. 

If, when two candles are placed at the distance of about 
sight or ten feet from the eye, and about a foot from each 
other, we view the one directly and the other indirectly, the 
indirect image will swell, as we have already mentioned, and 
will be surrounded with a bright ring of yellow light, while 
the bright light within the ring will have a pale blue color. 
If the candles are viewed through a prism, the red and green 
light of the indirect image will vanish, and there will be left 
only a large mass of yellow terminated with a portion of blue 
li^ht In making this experiment, and looking steadily and 
durectly at one of the prismatic images of the candles, I was 
surprised to find that the red and green rays began to dis- 
appear, leaving only yellow and a small portion of blue ; and 
when the eye was kept immovably fixed on the same point of 
the image, the yellow light became almost pure white, so that 
the prismatic image was converted into an elongated image 
of white light. 

If the strip of white paper which is seen indirectly with 
both eyes is placed so near the eye as to be seen double, the 
rays which proceed from it no longer fall upon corresponding 
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pcHdts of the retina, and the two images do not vanish instant 
taneously. But when the one begins to disa[>pear, the other 
begins soon after it, so that they sometimes appear to be ex- 
tinguished at the same time. 

From these results it appears that oblique or indirect vision 
is inferior to direct vision, not only in distinctness, but from 
its inability to preserve a sustained vision of objects; but 
though thus defective, it possesses a superiority over direct 
vision in giving us more perfect vision of minute objects, such 
as small stars, which cannot be seen by direct vision. This 
curious &ct has been noticed by Mr. Herschel and Sir James 
South, and some of the French astronomers. ** A rather sin- 
gular method," say Messrs.. Herschel and South, "of obtaining 
a view, and even a rough measure, of the angles of stars or 
the last degree of faintness, has often been resorted to, viz. to 
direct the e^ to another part of the field. In this way, & 
ft,int star, in the neighborhood of a large one, will often be- 
come very conspicuous ; so as to bear a certain illumination, 
which will yet totally disappear, as if suddenly^ blotted out, 
when the eye is turned full upon it,- and so on, appearing 9mA 
disappearing alternately as often as yon please. The lateral 
portions of the retina, less fatigued by strong lights, and less 
exhausted by perpetual attention, are probably more sensiUe 
to faint impressions than the central ones ; which may serve 
tottccount for this phenomenon." 

The following explanation of this curious phenomenon 
seems to me more satisfactory : — A Ittmirums point seen by 
direct vition, or a sharp line of light viewed steadily for a 
considerable time, throws the retina into a state of agitation 
highly unfavorable to distinct vision. If we look through the 
teeth of a fine comb held close to the eye, or even through a 
single aperture of the same narrowness, at a sheet c^ illumi- 
nated white paper, or even at the sky, the paper or the sky 
will appear to be covered with an infinite number of broken 
serpentine lines, parallel to the aperture, and in constant mo- 
tion ; and as the aperture is turned round, these parallel undu- 
lations will also turn round. These black and white lines are 
obviously undulations on the retina, which is sensible to the 
impressions of light in one phase of the undulation, and insen- 
sible to it in anodier phase. An analogous effect is produced 
by looking stedfastly, and for a considerable time, on the paiv 
allel lines which represent the sea in certain maps. These 
lines will break into portions of serpentine lines, and all the 
prismatic tints will be seen included between the broken cur- 
vilinear portions. A sharp pdnt or line of light is therefore 
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unable to keep up a cantinued vision of itself upon the retina 
when seen direcUy. 

Now, in the case of indirect vision, we have already seen 
that a luminous object does not vanish, but is seen indistinctly, 
and produces an enlargped image on the retina, beside that 
which is produced by the defect of convergency in the pencila 
Hence, a star seen indirectly, will af^t a larger portion of 
the retina from these two causes, and, losing its sharpness, 
will be more distinct It is a curious circumstance, too, that 
in the experiment with the two candles mentioned above, the 
candles seen indirectly frequently appear more intensdy 
bright than the candle seen directly. 

(171). 5. On the insensibility of the eye to direct impress 
sions tf faint light. — The insensibility of the retina to indi- 
rect impressions of objects ordinarily illuminated, has a sin- 
gular counterpart in its insensibility to the direct impression 
of very faint light If we fix the eye steadily on objects in a 
dark room that are illuminated with the fiuntest gleam of 
light, it will' be soon thrown into a state of painful agitation ; 
the objects will appear and disappear according as the retina 
has recovered or lost its sensibility. 

These affections are no doubt the source of many optical 
deceptions which have been ascribed to a supernatural origin. 
In a dark night, when objects are feebly illuminated, their 
disappearance and reappearance must seem very extraoniinary 
to a person whose fear or curiosity calls forth all his powers of 
observation. This defect of the eye must have been often 
noticed by the sportsman in attempting to mark, upon the mo- 
notonous heaths, the particular spots where mooivgame had 
alighted. Availing himself of the slightest difference ot tint 
in the adjacent heaths, he endeavors to keep his eye steadily 
upon it as he advances ; but whenever the contrast of illumi- 
nation is feeble, he almost always loses sight of his mark, or 
if the retina does take it up a second time, it is only to lose it 
again.* 

(172.) 6. On the duration of impressions of light on the 
retina. — ^Every person must have observed that the effect of 
light upon the eye continues for some time. During the 
twinkling of the eye, or the rapid closing of the eyelids fbt 
the purpose of diffusing the lubricating fluid over the cornea, 
we never lose sight of the objects we are viewing. • In like 
manner, when we whirl a burning stick with a rapid moUon, 
its burning extremity will produce a complete circle of light. 

* See the Edinburgh Journal of Science, No. VI. p. 5168. 
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altibough that extremity can only be in one part of the circle 
at the same instant 

The most instructive experiment, however, on this subject, 
and one which it requires a good deal of practice to make 
well, is to look for a short time at the window at the end of a 
long apartgient, and then quickly direct the eye to the dark 
wall. In general, the ordinary observer will see a picture of 
the window, in which the dark bars are white and the white 
panes dark ; but the practised observer, who makes the observ- 
ation with great promptness, will see an accurate representa- 
tion of the window with dark bars and bright panes ; but this 
representation is instantly succeeded by 9ie complementary 
picture, in which the bars are bright and the panes dark. M. 
D'Arcy found that tlie light of a live coal, moving at the dis- 
tance of 165 feet, maintained its impression on the retina 
during the seventh part of a second.* 

(173.) 7. On the cause of single vision with two eyes. — 
Although an image of every visible object is formed on the 
retina of each eye, yet when the two eyes are capable of di- 
recting their axes to any given object, it always appears single. 
There is no doubt that, in one sense, we really see two objects, 
but these objects appear as one, in consequence of the one oc- 
cupying exactly the same place as the other. Single vision 
with two eyes, or with any number of eyes, if we had them, 
is the necessary consequence of the law of visible direction. 
By the action of the external muscles of the eyeballs, the 
axes of each eye can be directed to any point of space at a 
greater distance than 4 or 6 inches. If we look, for example, 
at an aperture in a window-shutter, we know that an image 
of it is formed in each eye ; but, as the line of visible direc- 
tion from any point in the one image meets the line of visible 
direction from the same point in the other image, each point 
will be seen as one point, and, consequently, the whole aper- 
ture seen by one eye will coincide with or cover the whole 
aperture seen by the other. If the axes of both eyes are di- 
rected to a point beyond the window, or to a point within the 
room, the aperture will then appear double, because the lines 
of visible direction from the same points in each image do not 
meet at the aperture. If the muscles of either of the eyes is 
unable to direct the two axes oS the eyes to the same point, 
the object will in that case also appear double. This inability 
of one eye to follow the motions of the other is frequently the 
cause of squinting, as the eye which is, as it were, left behind 
necessarily looks in a different direction from the other. The 

* For a fartber illustration, see Note VIII. of Am. ed. 
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same e^ct is often produced by the imperfect viskm of one 
eye, ia consequence of which the good eye only is used. 
Hence the imperfect eye will graduaUy lose the power of £>1- 
lowing the motions of the other, and will therefore look in a 
different direction. The disease of squinting may be often 
easily cured. 

(174) 8. On the accommodation of the eye to different 
distanced. — ^When the eye sees objects distinctly at a great 
distance, it is unable, without some change, to see objects dis- 
tinctly at any less distance. This will be readily seen by 
looking between the fingers at a distant object. When the 
distant object is seen distinctly, the fingers will be seen indis- 
tinctly ; and, if we look at the fingers so as to see them dis- 
tinctly, the distant object will be quite indistinct The most 
distingui^ed philosophers have maintained different opinions 
respecting the method by which the eye adjusts itself to di^ 
ferent distances. Some have ascribed it to the mere enlarge- 
ment and diminution of the pupil ; some to the elongation of 
the eye, by which the retina is removed firom the crystalline 
lens; some to the motion of the crystalline lens; and othenr 
to a change in the convexity of the lens, on the supposition 
that it consists of muscular fibres. I have ascertained, bv 
direct experiment, that a variation in the aperture of the pupil, 
produced artificially, is incapable of producing adjustment, 
and as an elongation of the eye would alter the curvature of 
the retina, and consequently the centre of visible direction, 
and produce a change of place in the image, we consider this 
hypothesis as quite untenable. 

In order to discover the cause of the adjustment, I made a 
series of experiments, from which the following inferences may 
be drawn : — 

1st, The contraction of the pupil, which necessarily takes 
place when the eye is adjusted to near objects, does not pro- 
duce distinct vision by the diminution of the aperture, but fay 
some other action which necessarily accompanies it 

2dly, That the eye adjusts itself to near objects by two 
actions ; one of which is voluntary, depending wholly on the 
will, and the other involuntary^ depending on the stimulus of 
light falling on the retina. 

ddly. That when the voluntary power of adjustment fitils^ 
the adjustment may still be efifected by the involuntary stimu- 
lus of light 

Reasoning from these inferences, and other results of ex> 
periment, it seems difficult to avoid the conclusion that the 
power of adjustment depends on the mechanism which con- 
tracts and dilates the pupil ; and as this adjustment is inde- 
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t>endent of the variation of its aperture, it must be efiected by 
the parts in immediate contact with the base of the iri& By 
considering the various ways in which the mechanism at the 
base of the iris may produce the adjustment, it appears to be 
almost certain that the lens is removed from the retina by the 
contraction of the pupil.* 

(175.) 9. On the cause of longsightedness and shortsighu 
edness. — ^Between the ages of 30 and 50, the eyes of most 
persons begin to experience a remarkable change, which 
p^enerally shows itself in a difficulty of reading small type or 
ul-printed books, particularly by candlelight This detect of 
sight, which is called longsightedness, because objects are 
seen best at a distance, arises from a change in the state of 
the crystalline lens, by which its density and refractive power, 
as well as its form, are altered. It frequently begins at the 
margin of the lens, and takes several months to go round it, 
and it is oflen accompanied with a partial separation of the 
lamine apd even of the fibres of the lens. "If the human 
eye," as I have elsewhere remarked, ^ is not managed with 
peculiar care at this period, the change in the condition of the 
lens often runs into cataract, or terminates in a derangement 
of fibres, which, though not indicatea by white opacity, occa- 
sions Imperfections, of vision that are often mistaken for 
amaurosis and other diseasea A skilful oculist, who thoroughly 
understands the structure of the eye, and all its optical func- 
tions, would have no difficulty, by means of nice experiments, 
in detecting the very portion of the lens where this change 
has taken place ; in determining the nature and magnitude of 
the change which is going on ; in applying the proper reme- 
dies for stopping its progress ; and in ascertaining whetlier it 
has advanced to such a state that aid can be obtained from 
convex or concave lenses. In such cases, lenses are often re- 
sorted to before the crystalline lens has suffered a uniform 
change of figure or of density, and the use of them cannot 
fiiil to aggravate the very evils which they are intended to 
remedy. In diseases of the lens, where the separation of 
fibres IS confined to small spots, and is yet of such magnitude 
as to give separate colored images of a luminous object, or 
irregular halos of light, it is often necessary to limit the aper- 
ture of the spectacles, so as to allow the vision to be performed 
by the good part of the crystalline lens." 

This defect of the eye, when it is not accompanied with 
disease, may be completely remedied by a convex lens, which 

* For a fuller aceount of these experimeats, see Edinburgh Jourftal of 
$eimu§^ No. I. p. 77. 
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makes up for the flatness and diminuhed refractiye power of 
the crystalline, and enables the eye to c<Hiverge tho pencils 
flowing from near objects to distinct foci on the retina. 

Shortsightedness snows itself in an inability to see at a duh 
tance ; and those who experience this defect bring minute ob- 
jects very near the eye in order to see them distinctly. The 
rays from remote objects are in this case converged to foci be- 
fore they reach the retina, and therefore the picture on the 
retina is indistinct. This imperfection often appears in early 
life, and arises from an increase of density in the central parts 
of the crystalline lena By using a suitable concave lens the 
convergency of the rays is delayed, so that a distinct image 
can be formed on the retina. 



CHAP. XXXVI. 

ON AOCH>EIITAL <X>L0ft8 AND OOU>RBD SHAJDoWs. 

(176.) When the eye has been strongly impressed with 
any particular species o^ colored light, and when in this state 
it loolffl at a sheet of white paper, the paper does not appear 
to it white, or of the color with which the eye was impressed, 
but of a difierent color, which is said to be the accidental color 
of the color with which the eye was impressed. If we place* 
for example, a bright red wafet upon a sheet of white paper, 
and fix the eye steeuiily upon a mark in the centre of it, then 
if we turn the eye upon the white paper we shall see a cir- 
cular spot of bluish green light, of the same size as the wafer. 
This color, which is called the accidental color of red, wiL 
gradually fade away. The bluish green image of the wafer is 
called an ocular spectrum^ because it is impressed on the eye. 
and may be carried about with it for a short time. 

If we make the preceding experiment with differently col- 
ored wafers, we shall obtain ocular spectra whose colors vary 
with the color of the wafer employed, as in the following table. 

Color or tiM W>fcr AeeM«W Color, or Color of 

Red. Bluish green. 

Orange. Blue. 

Yellow. Indiso. 

Green. Reddish vioiet 

Blue. Orange red. 

Indigo. Orange yellow. 

Violet Yellow green 

Black. White 

White Black 
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In order to find the aceidental color of any color in the ^o- 
trum, take half the len^ of the spectrum in a pair of com- 
passes, and setting one root in the color whose accidental color 
IS required, the other will &11 upon the accidental color. 
Hence the law of accidental colors derived from observation 
may be thus stated : — ^The accidental color of any color in a 
prismatic spectrum, is that color which in the same spectrum 
18 distant from the first cobr half the length of the spectrum ; 
or, if we arran^ all the colors <^ any prismatic spectrum in 
a circle, in then* due proportions, the accidental color of any 
particular color will be the color exactly opposite that par- 
ticular cfAoT. Hence the two colors have been called oppottite 
colors. 

If the primitive color, or that which impresses the eye, is 
reduced to the same degree of intensity as the accidental 
color, we shall find that the one is the complement of the 
other, or what the other wants to make it white light ; that 
is, the primitive and the accidental colors will, when reduced 
to the same degree of intensity which they have in the spec- 
trum, and when mixed together, make white light On this 
account accidental colors have heen called complementary 
colors. 

With the aid of these iacts, the theory of accidental colors 
will be readily understood. When the eye has been fi)r some 
time fixed on the red wafer, the part of the retina occupied 
by the red image is strongly excited, or, as it were, deadened 
by its continu^ action. The senability to red light will 
therefinre be diminished ; and, consequently, when the eye is 
turned 'Smm the red wafer to the white paper, the deadened 
portion of the retina will be insensible to the red rays which 
form part of the white light from the paper, and consequently 
will see the paper of that color which arises from all the rays 
in the white light of the paper bat the red ; that is, of a bluish 
green color, which is therefore the true complementary color 
of the red. When a black wafer is placed on a white 
^und, the circular portion of the retina, on which the black 
image falls, in place of being deadened, is refireshed, as it 
were, by the absence of light, while all the surrounding parts 
of the retina, being excited by the white light of the paper, 
will be deadened by its continued action. Hence, when the 
eye is direcied to the white paper, it will see a white circle 
corresponding to the black image on the retina ; so that the 
accidental color of black is white. For the same reason, if a 
white wafer is placed on a black ground, and viewed stedfiurtly 
for some time, the eye will afterwards see a black circnlur 
space ; so that the accidental color of white is black. 
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Such are the phexkomena of accidental colors when weak 
li^ht is employed ; but when the eye is impressed powerfully 
With a brightwhite light, the phenomena have quite a dlSerent 
character. The first person who made this experiment with 
any care was Sir Isaac Newton, who sent an account of the 
results to Mr. Locke, but they were not published till 1829.* 
Many years before 1691, Sir Isaac, having shut his lefl eye, 
directed the right one to the image of the sun reflected from 
a looking-glasa In order to see the impression which was 
made, he turned his eye to a dark comer of his room, when 
he ol»erved a bright spot made by the sun, encircled by rin^ 
of colors. This ** phantom of light and colors," as he calls it, 
gradually vanished ; but whenever he thought of it, it return^ 
ed, and became as lively and vivid as at first He rashly re- 
peated the experiment three times, and his eye was impressed 
to such a degree, ** that whenever I looked upon the clouds, 
or a book, or a bright object, I saw upon it a round bright 
spot of light like the sun ; and^ which is still stranger, though 
I looked upon the sun with my right eye only, and not with 
my left, yet my fancy began to make an impression on my left 
eye as well as upon my right ; for if I shut my right eye, or 
looked upon a book or the clouds with my left eye, I could see 
the spectrum of the sun almost as plain as with my right eye.** 
The effect of this experiment was such, that Sir Isaac durst 
neither write nor read, but was obliged to shut himself com- 
pletely up in a dark chamber for three days together, and by 
keepinff m the dark, and employing his mind about other 
things, ne began, in about three or four days, to recover the 
use of his eyes. In these experiments, Sir Isaac*s attention 
was more taken up with the metaphysical than with the op- 
tical results of themj so that he has not described either the 
colors which he saw, or the changes which they underwent 

Experiments of a similar kind were made by M. ^Spinus. 
When the sun was near the horizon, he fixed his eye steadily 
on the solar disc for 15 seconds. Upon shutting his eye he 
saw an irregular pale sulphur yeUow image of the sun, encir- 
cled with a faint red border. As soon as he opened his eye 
upon a white ground, the image of the sun was a broumish 
red, and its surrounding border sky blue. With his eye again 
shut, the image of the sun became green with a red border, 
difierent from the last Turning his eye again Apon a white 
ground, the sun^s image was more red, and its border a brighter 
sky blue. When the eye was shut, the green spectrum be- 
came a greenish sky blue, and then a fine sky blue, with the 

♦ In Lord King's Life of Locke. 
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.bpn}er growing a finer red ; . and. when the eye was open» tba 
spectrum became a finer red, and its border a finer blue. M. 
^pinus noticed, that when his eye was fixed upon the white 
ground,, the iotage of the sun frequently disappesired, returned, 
!and diaippeared again. 

About the year 1808, 1 was led to repeat the preceding ex- 
periments of iSSpinus; but, instead of looking at the sun 
when of a dingy color, I took advantage of a fine summer's 
fday, when the sun was near the meridian, and I formed upon 
a white ground a brilliant image of his disc by the concave 
speculum of a reflecting telescope. Tying up my right eve, 
I viewed this luminous disc with my left eye through a tuoe, 
.and when the retina was highly excited, I turned my left eye 
to a white ground, and observed the following spectra by al- 
ternately opening and shutting it: — 



I «ltt laA WJ9 open. tpwtn.wiai left ejm ikaC. 

1. Pink mirroiuided with green. Green. 

2. Ocange mixed with pink. Blue. 

3. Yellowish brown. Bluiah pink. 
^YeUow. 

5, Pure red. Sky blue 

6. Oraoge. Indigo. 

Upon uncovering my right eye, and turning it to a white 
ground, I was surprised to observe that it also gave a colored 
spectrum, exactly the reverse of the first spectrum, which 
was pink with a green border. The reverse spectrum was a 
green with a pinkish border. This experiment was repeated 
three times, and always with the same result ; so that it would 
appear that the impression of the solar image was conveyed 
by the optic nerve from the left to the right eye. Sir Isaac 

- Newton supposed that it was his fimcy Qiat transferred the 
ima^ from his lef^to his right eye; but we are disposed to 
thiUK that in his experiment no transference took place, be- 
cause the spectrum which he saw with both eyes was the 

. same, whereas in my experiment it was the reverse one. We 
cannot however speak decidedly on this point, as Sir Isaac 
did not observe that the spectra with the eye shut were the 
reverse of those seen with the eye open. If a spectrum is 
strongly ibrmed on one eye, it is a very difficult matter to de- 
termme on which eye it is formed, and it would be impossible 
to do this if tlie spectrum was the same when the eye was 
open and shut 

The phenomena of accidental colore are often finely seen 
when the eye has not been strongly impressed with anv par- 
ticular colored object It was long ago observed by M. Meus- 

. W2 
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nier, that whea the sun shone through a hole a quarter of an 
inch in diameter in a red curtain, the image of the luminous 
spot was green. In like manner, every person must have ob- 
served in a brightly painted room, illuminated by the sun, that 
the parts of any white object on which the colored light does 
not fall, exhibit the complementary colors. In order to see ^ 
this class of phenomena, I have found the following method ' 
the simplest and the best Having lighted two candles, hold 
before one of them a piece of colored glass, suppose bright red, 
and remove the other candle to such a distance that Sie two 
shadows of any body formed upon a piece of white paper may 
be equally dark. In this case one of the shadows will be red, 
and the other green. With blue glass, one of them will be 
blue, and the other orange yellow ; the one being invariably 
the accidental color of the other. The ver^ same effect may 
be produced in daylight by two holes in a wmdow-shutter ; the 
one being covered with a colored glass, and the oth^r trans- 
mitting the white light of the sky. Accidental colors may 
also be seen by looking at the image of a candle, or any white 
object seen by reflexion from a plate or surface of ^lored 
glass sufficiently thin to throw back its color from the peconci 
surface. In this case the reflected image will always have 
the complementary color of the glass. The same effoct may 
be seen in looking at the image of a candle reflected from the 
water in a blue finger-glass ; the image of the candle is yd 
lowish : but the enect is not so decided in this case, as the 
retina is not sufficiently impressed with the blue light of the 
glass. 

These phenomena are obviously difl^rent from those which 
. are produced by colored wafers ; because in the present cajse 
the accidental color is seen by a portion of the retina which 
is not afiected, or deadened as it were, by the primitive color. 
A new theory of accidental colors is tnerefore requisite, to 
embrace this class of facts. 

As in acoustics, where every fundamental sound is actually 
accompanied with its harmonic sound, so in the impressions ci 
light, the sensation of one color is accompanied by a weaker 
sensation of its accidental or harmonic color.''' Wben we look 
at the red wafer, we are at the same time, with the same por- 
tion of the retina, seeing green ; but being much fair "^r, it 
seems only to dilute the red, and make it, as it were, whiter, 
by the combination of the two sensations. When the eye 
looks from the wafer to the white paper, the permanent sen- 



'*' The term harmonic has been applied to accidental colors ; because tbc 
primitive and its accidental oolor- Uaunonize wUh each other in painting. 
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«atkm of the aecidental color reoaiM) and we see a green 
image. The duration of the primitive impression ia only a 
fraction of a second, as we have already shown ; hut the durap 
tioA of the harmonic impression continues for a time propor- 
^onal to the strength of the impression. In (»xler to apply 
these views to the second class of facts, wd most have re- 
course to another principle ; namely, that when the whole or 
a great part of the Tetina has the sensation of any primitive 
color, p. pcMTtkxi of the retina protected from the impression of 
the color is actually thrown into that state which gives the 
accidental or harmonic color. By the vibrations probaUy 
communicated from the surrounding portions, the influence of 
the direct or primitive color is not propagated to parts free 
from its action, excepting in the particular case of oblique 
vision formerly mentioned. When the eye, therefore, looka 
at the white spot of solar light seen in the middle of the red 
light of the curtain, the wlM>le of the retina, except the por- 
tion occupied by the image of the white spot, is in the state 
of seeing every thing green; and as the vibrations which 
constitute this state spread over the portions of the retina 
upon which no red light falls, it*wiU, of course, see the white 
cu'cular spot green. 

(177.) A very remarkable phenomenon of accidental colors, 
in which the eye is not excited by any primitive color, was 
observed bv Mr. Smith, surgeon in Fochabers. If we hold a 
narrow strip of white paper vertically, about a foot from the 
eye, and fix both eyes upon an object at some distance beyond 
it, then if we allow the light of the sun, or the light of a can- 
dle, to act strongly upon the right eye, without affecting the 
left, which may be easily protected from its influence, the left 
hand strip of paper will be seen of a bright green color, and 
the right hand strip of a red color. If the strip of paper is 
sufficiently broad to make the two images overlap each other, 
the overlapping parts will be perfectly white, and free from 
color ; which proves that the red and green are complementaiy. 
When equally luminous candles are held near each eye, the 
tWo strips of paper will be white. If when the candle is held 
near the right eye, and the strips of paper are seen red and 
green, then on bringing the candle suddenly to the left eye, 
the le^ hand image of the paper will gradually change to 
green, and the right hand image to red, 

(178.) A singidar aflTection of the retina, in reference to 
colors, is shown in the inability of some eyes to distinguish 
certain colors of the spectrum. The persons who experience 
this defect have their eyes generally in a sound state, and are 
capable of perfl>rming ml the most delicate frinctions of vision. 



Mr. HMi>ia» a flhoemaker at Allooby, ma uiufal& from .hk »- 
fimcy to difltiogoiidi the (dierries of a cherry-tree from its 
leaves* in 8o fiur as color was coocemed. Two of his brotbem 
were equally defective in this respect, and always mistoQk 
orange fax grass greetij and light green for yeUoio. Hanis 
himself could only distinguish black and white. Mr. Scott, 
•who describes Hs own case in the Philosophical Transactions^ 
mistook pmk lor a pale blue, and a full red for a full green. 

All kinds of yellows and blues, except sky blue, n^ cinild 
discern with great nicety. His father, his matenial uncle, 
<me of his sisters, and her two sons, had all the same defect. 

A tailor at Plymouth, whose case is described by Mr. 
Harvey, regarded the solar spectrum as consisting only of ^^ 
lew and light blue; and he could distinguish with certamty 
only ydlow, whUe, and green. He regaraed indigo and Prus- 
sian blue as black. 

Mr. R. Tucker describes the colors of the spectnim as fol- 
lows;— 



Blue fiometimes Pink. 
Indigo - - - Purple. 
Violet - - - Parple. 



Red mistaken for Brown. 

Orange .... Green. 

Yellow sometimes Orangb. 

Green .... Orange. 

A gentleman in the prime of life, whose case I had occasion 
to examine, saw only two colors in the spectrum, viz. yellow 
and blue. When the middle of the red space was alisorbed 
bv a blue glass, he saw the black space, with what he called 
the yellow, on each side of it This defect in the perception 
of color was experienced by the late Mr. Dugald Stewart, 
who could not perceive any difference in the color of the scar- 
let fruit of the Siberian crab and that of its leaves. Mr. 
Dalton is unable to distinguish blue from pink by daylight, and 
in the solar spectrum the red is scarcely visible, the rest of it 
appearing to consist of two colors. Mr. Troughton has the 
same derect, and is capable of fully appreciating only blue and 
yellow colors ; and when he names colors, the names of blue 
and yellow correspond to the more and less refrangible rays, 
all those which belong to the former exciting the sensation of 
blueness, and those which belong^ the latter the sensation of 
yellowness. 

In almost all these cases, the different prismatic colors have 
the power of exciting the sensation of light, and givinff a dis- 
tinct vision of objects, excepting in the case of Mr. I)alton, 
who is said to be scarcely able to see the red extremity of Uie 
spectrum. 

Mr. Dalton has endeavored to explain this peculiarity of 
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vision by supposing that in his own case the vitreous IioflKnr is 
blue, and, therefore, absorbs a great portion <^ the red rays 
and other least refrangible mys ; but tiiis opinion is, we tiiink, 
not well founded. Mr. Herschel attributes this state of vision 
to a defect in the sensorium, by which it is rendered incapable 
of appreciating; exactly those differences between rays oa 
which their color depends.* 



PART IV. 



ON OPTICAL INSTRUMENTS. 

All the optical instruments now in use have, with tlie ex- 
ception of tlie burning mirrors of Archimedes, been invented 
by modem philosophers and opticians. The principles upon 
which most of them have been constructed have already been 
explained, in the preceding chapters, and we shall therefore 
confine ourselves, as much as possible, to a general account of 
their construction and properties. 

CHAP. XXXVIL 

ON VXANE AND C1JRVSD HIBROaS. 

(179.) One of the simplest optical instruments is the gingh 
plane mirror, or looking-glass, which consists of a plate <^ 
glass with parallel surfeces, one of which is covered with tin- 
S)il and quicksilver. The glass performs no other part in this 
kind emplane mirror than that of holding and giving a polished 
surface to the thin bright film of metal which is extended over 
it. If the surfiices of the plate of glass are not parallel, we 
shall see two, three, and four images of all luminous objects 
seen obliquely ; but even when the surfaces are parallel, two 
images of an object are formed, one reflected from the first 
surmce of glass, and the other from the posterior sur&ce of 
metal ; and the distance of these images will increase with 
the thickness of the glass. The image reflected from tiie 
glass is, however, very feint compared with the other ; so that 
ror OTdinary purposes a plane glass mirror is sufficientiy ac- 
curate ; but when a plane mirror forms a part of an optical 

* For the theory recently advaiiced by Sir David Brewster to explain 
(hew cases* see Note IX. of Am. ed. 
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niatnunent where accuracy of vision is required, it must be 
made ci steel, or silver, or of a mixture of copper and tin ; 
and in this case it is called a gpeculum. The iormation of 
images by mirrors and specula has been fully described in 
Chap^ II. 

Kaleidoscope. 

(180.) When two plane mirrors are combined in a particu- 
lar manner, and placed in a particular position relative to an 
object, or series of objects, and the eye, they constitute the 
kaleidoscope, or instrument fer creatine and exhibiting 
beautiful form& If A C, B C, for example, oe sections of two 
plane mirrors, and M N an object placed between them or in 
j!^/.i43. front of each, the mirror A C will form 

behind k an iwiBLge m n of the object M N, 
in the manner shown in fig, 16. In like 
manner, the mirror B C will form an 
image M' N' behind it But, as we have 
formerly shown, these images may be con- 
sidered as new objects, and therefore the 
mirror A C will form behind it an image, 
M" N", of the object or ima^e M' N', and 
B C will form behind it an image, m' n', of the object or imaf e 
mn. In like manner it will be found that m" n" will be the 
image of the object or image M" N", formed by B C, and of 
the object or image m' n\ formed by A C. Hence m" n" will 
.actually consist of two images overlapping each other and 
forming one, provided the angle A C B is exactly 60^, or the 
sixth inrt.of a circumference of 360^. In this case all the 
six images (two of the six forming oply one, m" n",) will, 
along with the original obiect, M N, form a perfect equilateral 
triai^le. The object, M N, is drawn perpendicular to tiie 
mirror B C, in consequence of which M N sxA M' N' form 
one straight line ; but if M N is moved, all the images will 
move, and the figure of all the images combined will form 
another figure of perfect regularity, and exhibiting the most 
beautiful variations, all of which may be drawn by the methods 
already described. In reference to the multiplication and ar- 
rangement of the images, this is the principle of the kaleidc^ 
scope ; but the principle of symmetry, which is essential to the 
instrument, depends on the position of the object and the eye. 
This principle will be understood fi-om^. 144., where A C £ 
and B C E represent the two mirrors inclined at an angle 
A C B, and having C E for their line of junction, or common 
intersection. If we object is placed at a distance, as at M N, 
then there is no position of the eye at or above £ which wi|} 
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give a Sjrmmetrical arrangement of the tiz fmages abown iir 
. /fjg". 143. ; fer the corresponding parte of the one will nevei 

Fig.lU 




join the corresponding parts of the other. As the object is 
brought nearer and nearer, the symmetry increases, and is 
most complete when the object M N is quite close to A B C, 
the ends of the reflectors. But even here it will not be per- 
fect, unless the eye is placed as near as possible to £, the line 
of junction of the reflectors. The following, therefore, are the 
three conditions of symmetry in the kaleidoscope : — 

1. That the reflectors shoold be placed at an angle which 
is an even or an odd aUquot part of a circle, when the object 
is regular and similarly situated with respect to both the mir- 
rors ; or an even aliquot part of a cirde, when the object is 
irregular. 

2. That out of an infinite number of positions for the object 
both within and without the reflectors, there is only one posi- 
tion where perfect symmetry can be obtained, namely, by 
placing the object in contact with the ends of the reflectors, oi 
between them. 

3. That out of an infinite number of positions for the gitua- 
^t<m of the eye, there is only one where the S3rmmetry is per- 
fect, namely, as near as possible to the axrgukr point, so that 
the whole of the circular field can be distinctly seen ; and this 
point is the only one at which the uniformity of the reflected 
light is greatest 

In otSsr to give variety to the figures formed by the instru- 
ment, the ol^ects, consisting of pieces of colored glass, twisted 
glass of various curvatures, &c., are placed in a narrow cell 
between two circular pieces of glass, leaving them just room 
to move about, while this cell is turned round by the hand. 
The pictures thiis presented to the eye are beyond aU descrip- 
tion splendid and beautiful ; an endless variety of sjrmmetrical 
combinations presenting themselves to view, and never again 
recurring with the same form and color. 

For the purpose of extending the power of the instrument, 
and introducing into symmetrical pictures external objects. 
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whether aniBluite or inanimate, I applied a oonrex lens, L I^ 
^, 144, by means of which an inverted ima^e of a distant 
object, M N, may be formed at the very extremity of the mir- 
rors, and thererore brought into a position of greater sym- 
metry than can be effected in any other way. In this construc- 
tion the lens is placed in one tube and the reflectors in an- 
other ; so that by pulling out or pushing in the tube next the 
eye, the images of objects at any distance can be formed at 
the place of symmetry. In this way, flowers, trees, animals, 
pictures, busts, may be introduced into symmetrical combina- 
tions. When the distance E B is less than that at which the 
eye sees objects distinctly, it is necessary to place a convex 
lens at E, to give distinct vision of the objects in the picture. 
See my Treatise on the Kaleidoscope, 

Plane burning Mirrors 

(181.) A combination of plane burning mirrors forms a pow- 
erful burning instrument; and it is highly probable that it was 
with such a combination that Archimedes destroyed the ships 
of Marcellus. Athanasius Kircher, who first proved the effi- 
cacy of a union of plane mirrors, went with his pupil Scheiner 
to Syracuse, to examine the position of l^e hostile fleet ; and 
they were both satisfied that the ships of Marcellus could not 
have been more than thirty paces distant from Aichimedes. 

Bu^on constructed a burning apparatus upon this principle, 
which may be easily explained. If we reflect the light of the 
son upon one cheek by a small piece of plane looking-glass, 
we shall experience a sensation of heat less than if l^e curvet 
light of the sun fell upon it If with the other hand we re- 
flect the sun's light upon the same cheek with another piece 
of mirror, the warmth will be increased, and so on, till with 
five or six pieces we can no longer endure the heat Bu^n 
combined 168 pieces of mirror, 6 inches by 8, so that he could, 
by a little mechanism connected with each, cause them to 
reflect the light of the sun upon one 6pot Those pieces of 
glass were selected which gave the smallest image erf* the son 
at 250 feet 

The following were the e^cts produced by diflerent mmi- 
bers of these mirrors : — 

Kflbct prodnccd. 

Small combustil^es inflamed. 
Beech plank burned. 
Tarred beech plank inflamed. 
Pewter flask 61b. weight melted. 
Tarred and sulphured plank set on fire. 



»«kOf 


Dlatance of 


Mirrors. 


Oltiert. 


12 


20 feet 


21 


20 


40 


66 


45 


20 



Ho. of 
Mtrton. 


DWtaMor 
(Miaet. 


112 


138 


117 


20 


128 


150 


148 


150 


154 


150 


154 


250 


234 


40 
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CBbul prcdBMd* 

Flank covered with wool set on fire. 
Some thin pieces of silver melted. 
Tarred fir plank set on fire. 
Beech plank sulphured inflamed violently. 
Tarred plank smoked violently. 

! Chips of fir deal sulphured and mijced with 
charcoal set on fire. 
Plates of sUver melted. 

As it is difiicult to adjust the mirrors while the sun changes 
his place, M. Peyrard proposes to produce great e^cts hy 
mounting each mirror in a separate frame, carrying a tele- 
scope, by means of which one person can direct the reflected 
rays to the object which is to be burned. He conceives that 
with 590 glasses, about 20 inches in diameter, he could reduce 
a fleet to ashes at the distance of a quarter of a league, anid 
with glasses of double that size at the distance of half a 
league. 

Plane glass mirrors have been combined permanently into a 
parabolic form, for the purpose of burning objects placed in 
the focus of the parabola, by the 8un*s rays; and the same 
combination has been used, and is still in use, for lighthouse 
reflectors, the light being placed in th6 focus of the parabola. 

Convex and Concave Mirrors, 

(182.) The general properties of convex and concave mir- 
rors have been already described in Chap. 11. Convex mirrors 
are used principally as household ornaments, and are charac- 
terized Inr their property of fi>rming erect and diminished 
images of all objects placed before them, and these images ap- 
pear to be situated behind the mirror. 

Concave minors are distinguished by their property of 
fonning in front a£ them, and in the air, inverted images of 
erect objects, or erect images of inverted objects, placed at 
some distance beyond their principal fbcu& If a fine trans- 
parent cloud of blue smoke is raised, by means of a chafing- 
dish, around the fixsus of a large concave mirror, the ima^ of 
any highly illuminated object will be depicted, in the middle 
of it, with great beauty. A skull concealed from the observer 
is sometimes used, to surprise the ignorant ; and when a dish 
of fruit has been depicted in a similar maimer, a spectator, 
stretching out his hand to seize it, is met with the image of a 
drawn dagger, which has been quickly substituted &a the &m% 
at the other conjugate focus of the mirror 
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CoaotiVe mirrors have been used as li^thoane re&ectan, 
and sa buniine instruntenta. When uaed m lichlhoaBes, they 
ue formed of plates of copper pkted with sdver, and thev 
ue hammered loto a parabolic &rm, and then polished with 
the hand. A lamp placed ia the fixaa of the parabola will 
have its divergent li^t thrown, after reSexi<»i, ioto Bometbing 
like a parallel beam, which will retain its tntennty at. a great 
distance. 

When concave mirrorB are used for burning, tl 

rally made epherical, and regularly ground and potig- ^ 

a tool, like the specula used in telescopes. The most cele- 
bnted of these were made by M. Viilele, of Lyons, who eie- 
coted five large wies. One of the best of them, which eon- 
BSted of copper and tin, was very nearly four feet in diarr»eter, 
and its focal length thirty-ei^ht inches. It melted a piece of 
Pompey'a pillar in Ally seconds, a silver sixpence m seven 
ReccHids and a halt^ a l^lfpenoy in sixteen seconds, cast-iron 
in sixteen seconds, state in three seconds, and thin tile in four 
•econds. 

Cylindricat Mirrorr 
(163.) All objects seen I^ reSeiion in a eytindrical mirror 
are necessarily distorted. If an observer looks into sud) & 
tniTTor with its axis standing vertieaUy, he will see tbe image 
of his bead of the same length as the originaX because the 
■ur&ce of the mirror is a straight line in a vertical direction. 
The Iwetuith of the lace will be jfreatly contracted in a hori- 
lontal direction, because the siii%ce is very convex in that 
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dbrectioD, and in intermediate directions the heed will have 
intermediate breadtha If the axis of the mirror ia held hori* 
sontally, the fiice will be as broad as life, and exceedingly 
short If a picture or portrait M N is laid down horizontuly 
before the mirror A Bfjig. 145., the reflected image of it will 
be hiffUy distorted ; but the picture may be drawn distorted 
accoraing to regular laws, so that its image shall have the 
most correct propcntiona 

Cylindrical mirrors, which are now very uncommon, used 
to be made for this purpose, and were accompanied with a 
series of distorted fignres, which, when seen by the eye, have 
neither shape nor meaning, but when laid down before a cylin- 
drical mirror, the reflected image of them has the most per- 
fect prq[xirtioiiB. This effect is shown in fig, 145i, where 
M N is a distorted figure, whose image in the mirror A B has 
the appearance of a regular portrait 



CHAP. XXXVUI. 
ON mnaijE ahd compound lenses 

SvEKJTACUOi and reading glasses are among the simplest and 
most useflil of optical instrumenta In order to enable a peiv 
eon who has imperfect vision to see small objects distinctly, 
when they are not far from the eye, such as small manuscript, 
or small type, a ccmvex lens of very sh<»:t focus must be used 
both by those who are long and short sighted. 

When a shortsighted person, who cannot see well at a dis^ 
taiice, wishes to have distinct vision at any particular distance, 
he must use a concave lens, whose focal length will be found 
tiiasy^-Multiply the distance at which he sees objects most 
distinctly by the distance at which he wishes to see them dis- 
tinctly with a concave lens, and divide this product by the 
difierence of the above distances. 

A long-sighted person, who cannot see near objects distinctly, 
must use a convex lena^ whose focal length is found by the 
preceding rule. 

In choosing spectacles, however, the best way is to select, 
out of a nuihber, those which are found to answer best the 
purposes for which they are particularly intended. 

I/r. WoUaston introduced a new kind of spectacles, called 
periscopiCf from their property of giving a wider field of dia* 
tinct vision than the common ones. The lenses used for this 
purpose, as shown at H and L fig. 10., are meniscusee, in 
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which the convexity predominates, fat ]on^-sighted persons, 
and concavo-convex lenses, in which the concavity predomi- 
nates, for short-sighted persons Periscopic spectacles de- 
cidedly give more imper^ct vision than common spectacles, 
because they increase both the aberration o( figure and of 
color ; but they may be of use in a crowded city, in warning 
us of the oblique approach of objects^ 

Burning and Eluminating Lenses, 

(184.) Convex lenses possess peculiar advantages for con 
centratmg the sun's rays, and for conveying to an immense 
distance a condensed and parallel beam of light M. Buffi>n 
found that a convex lens, with a long focal length, was prefeiw 
able to one of a short focal length for fusing metals by the 
concentration of the sun's rays. A lens, for example, 32 
inches in diameter and 6 inches in focal length, with the di- 
ameter of its focus 8 lines, melted copper in less than a 
mmute ; while a small lens 32 lines in diameter, with a focal 
length of 6 lines, and its focus f of a line, was scarcely capa- 
ble of heating copper. 

The most perfect bummg lens ever constructed was exe- 
cuted by Mr. Parker, of Fleet Street, at an expense of 700/. 
It was made of flint glass, was three feet in diameter, and 
weighed 212 pounda It was 3^ inches thick at the centre ; 
the focal distance was 6 feet 8 inches, and the diameter of the 
image of the sun in its focus one inch. The rays refracted 
by the lens were received on a second lens, in whose focos the; 
objects to be fused were placed. This second lens bad an ex-^ 
posed diameter of 13 inches ; its central thiclmess was If of 
an inch ; the length of its focus was 29 inches. The diameter 
of the focal image was | of an inch. Its weight was 21 
pounds. The combined focal length of th<& two lenses was 5 
foet 3 inches, and the diameter of the focal image 4 an inch. ' 
By means of this powerful burning lens, platinum, gold, silver, 
copper, tin, quartz, agate, jasper, fiint, topaz, garnet, asbestos^ 
&c. were melted in a few seconds. 

Various causes have prevented philosq>hers from construct-' 
ing burning lenses of greater magnitude than that made by. 
Mr. Parker. The impossibility of pocuring pure flint glass 
tolerably free from veins and impurities for a large solid lens ; 
the trouble and expense of casting it into a lenticular form . 
without flaws and impurities ; the great increase ^ centra] 
thickness which becomes necessary by increasing the diameter' 
of the lens ; the enormous obstruction that is thus opposed to 
the transmissiim of the solar rays, and the increased aber- . 
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ntaxm. which disBipates the rays at the focal pcintiare ix)9pip0r- 
dble obstacles to the conie^ctiaQ of solid lenses of aajr. coo- 
tumble size. 

(185.) In order to imi>rove a solid lens/ormed of one piepfs. 
of glass, whose section is A mp B E D A, Bufibn prc^poaed tp 
cut out all the glass left white in the figure, viz. tne portions 
between mpyfy. 146., and n o, and between n o and the left 



A 




hand sur&ce of D E. A lens thus constructed would 
be incomparably superior to the solid one A m|i B £ 
DA; but such a process we conceive to be imprac- 
ticable on a largjet^caie, ikom the extreme difficulty 
of polishing the sur&ces A m, B |i, C n, F o, and 
I'D the left hand sorfiice of D E; and even if it were 
practicable, the greatest imperfections in the glass 
might ha^q^ to occur in the puis which are left. 

m order to remove these miperfections, and to 

construct lenses of any size, I proposed, in 1811, to. 

build them up of separate zones or rings, each of 

which ria^ was again to be composed of separate 

m^entfi^ as i^own m the &ont view of the lens in^g*. 147« 

TmB lens is composed of one central lens, A B C IJ, cono- 

q[K>nding with its section D B in Jig, 146., of a middle ring 

j^. 147. G E L I corresponding to C D E F in 

fig, 146., and consisting of five seg- 
ments; and another ring^ N P R T, 
corresponding to A C F B, and con- 
sisting of eight segments. 

The preceding construclaon obvi- 
ously puts it in our power to execute 
these compound lenses, to which I 
have given the name of polyzonal 
lenaes, of pure flint glass free from 
veins; but it possesses another ffreat 
advantage, namely, that of enaSling 
«8 to correct, very nearly, the s{Aerical aberration, by autking 
the foci of each zone cmncide. 

One of these lenses was constructed, under my direction, 
for the Commissioneni of Northern lighthouses, by Messrs. 
W. and P. Gilbert It was made of pure flint glass, was 
Uire» ibet in diameter, and consisted of many zones and segv 
WBMtta, Lenses of this kind have been made m France of 
enwn gkss, and have been introduced into the principal 
French lighthouses; a purpose to which they are mfinitely 
better adapted than the best constructed parabolic reflectore 
made of metal. > 

A pelyzooal lens of at least four feet in diameter wiU be 

X2 
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speedily executed as a burning-glass, and will, no dolibt, be' 
the most powerful ever made. The means of executing it 
have been, to a considerable degree, supplied by the scientific^ 
liberality of Mr. Swinton and m, Calder, and other gentlemen 
of Calcutta. ' 



CHAP. XXXIX. 

OIV 8IMPZ.B AlfD OOMFOVND FUSMS. 

Prismatic Lenses* 

(186.) The general properties of the prism in refracting 
and decomposing light have already been explained; but its 
application as an optical instrument, or as an important part of 
pptical instruments, remains to be described. 

A rectaxigular prism, ABC, fig. 148., was first applied by 
Sir Isaac Newton as a j^lane mirror for reflecting to a side the 
rays which form the miage in reflecting telescopes. The 




angles, B A C, B C A, being each 45^, and B a right angle» 
rays felling on the &ce A B will be reflected by the back sm> 
fiice B C as if it were a plane metallic mirror ; for whatever 
be the refnctUm which tney suffer at their entrance into the 
&ce A B, thev will suffer an equal and opposite one at the 
&ce B C. The great value of such a mirror is^ that as the 
incident rays Ml upon A C at an angle greater than that at 
which total reflexbn commences, they leUl all suffer total re» 
ftexionj and: not a ray will be lost; whereas in the best me- 
tallic speculum nearly half the light is lost A portion of 
light, however, is lost by refiexicm at the two surfaces A B, 
B C, and a small portion by the absorption of the glass iteel£ 
Siir Isaac Newton also proposed the convex prism^ shown at 
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D E F, ti)e &ce8 D F, F E being ^und convex. An analo- 

fous prism, called the meni§cu8 prism^ and shown at G H !» 
as been used by M. Chevalier, of Paris, for the camera ob- 
scura. It differs only from Newton's in the second &ce, I H, 
being concave in place of convex. 

On account of the difficult execution of these prisms, I have 
proposed to use a hemispherical lens, L M N, the two convex 
surfaces of which are ground at the same time. When a 
longer focus is required, a concave lens, R Q, of a longer focus 
than the hemisphere P R Q, may be placed or cemented on 
its lower sur&ce, and if the concave lens is formed out of a 
substance of a different dispersive power, it may be made to 
correct the color of the convex lens. 

A single prism is used with peculiar advantage for inverting 
pencils of lig[ht, or for obtainii^ an erect image from pencils 
that would give an inverted one. This efiect is shown m Jiff, 
149., where A B C is a rectangular prism, and R R' R'' a par- 
allel pencil of light, which, after being refracted at the pomti 




1, 2, 3, of the &ce A B, and reflected at the pomts a, 6, e, of 
the base B C, will be again refracted at the points 1, 2, S, of 
the face A C, and move on in parallel lines, 3 r", 2 r', 1 r ; the 
ray R 1^ that was uppermost, being now undermost, as at 1 r. 

Compound and Variable Prisms, 

(187.) The great difficulty of obtaining glass sufficiently 
pure for a prism of any size, has rendered it extremely dim- 
cult to procure good ones; and they have therefore not been 
introduced as they would otherwise have been into optical in- 
struments. The principle upon which polyzonal lenses are 
constructed is equally applicable to prisma A prism con- 
structed like A Dffig, 150., if properly executed, would have 
exactly the same properties as A B C, and would be incom- 
parably superior to it, from the light passing through such a 
small thickness of glass. It would obviously be difficult to exe- 
cute such a prism as A D out of a single piece of glass, though 
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necesBuily similttr. The eominit of the rod dmild hna « 
flat nBiiDW fiice paroUe] to its btae, which would be eoolj 
done if die priBOiatic rod were cut out of a plate of thick pai^ 
■illel gluH. The eeparate priauis being- cemented to one an* 
Other, M in the figure, will form a compouDd prtam, which 
will be supCTioT to 5ie commoo prism for ail porpoBee in which 
it acts solely bj refraction. 

(188.) A compound prism of a different kind, and having a 
vuiable angle, was propceed by Boscovich, as shown in jSf . 
151., where A B C is a hemispherical convex lens, moving m 
a concave leras DEC, of the same curvature. ^ turning 



c^ie of the lenses round upon the other, the inclination of the 
ftces AB,DE,orAB,CE, m&y be made to vary from 0" to 
above 80°. 

(169.) As this apparatus is both troublesome to execute and 
dimcult to uee, I have employed an entirely differ^it principle 
fiir the coastructioti of a variable prism, and have used it to & 
great CTtent in numeroris experiments on the dispersive pow- 
ers of bodies. If we produce a vertical line of light by nearly 
closing the window-shutters, and view the line witn a flint 

CB prism whose refracting angle is 60°, the edge of the re- 
ting angl? being held vertical, or parallel to the line oi 
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light, the luminous line will be seen as a brurhtly colored 
spectrum, and any small portion of it will resemble almost exf 
dctly the solar spectrum. If we now turn the prism in the 
plane of one of its refracting faces, so that the inclination of 
the edge to the line of light increases gradually from 0° up to 
90° when it is perpendicular to the line of light, the spectrum 
will gradually grow less and less colored, exactly as if it were 
formed by a prism of a less and less refracting angle, till at an 
inclination of 90° not a trace of color is left. By this simple 
process, therefore, namely, by using a line of light instead of 
a circular disc, we have produced the very same effect as if 
the refracting angle of ^e prism had been varied from 90^ 
down to (P. 

(190.) Let it now be reouired to determine the relative dis- 
persive powers of flint glass and crown glass. Pla^^e the 
crown glass prism so as to produce the largest spectrum from 
the line of white light, and let the refracting angle of the 
prism be 40°. Then place the flint glass prism l^tween it 
and the eye, and turn it round, as before described, till it cor- 
rects the color produced by the crown gl&ss prism, or till Uio 
line of light is perfectly colorless. The inclination of the 
edge of the flint fflass prism to the line of light being known, 
we can easily And, by a simple formida the angle of a prism 
of flint glass which corrects the color of a prism of crown 

§la88 with a refracting angle of 40°. See my TVeatise on 
iew PkUoaophical Instruments, p. 291. 

MtUtiplying Glass. 

(191.) This lens is more amusmg than useful, and is intend- 
ed to give a number of images of the same object Though 
it has the circular form cf a lens, it is nothing more than a 

Fig.lSi 
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number of prisms formed by grinding various flat faces on the 
convex sur&ce of a planoconvex glass, as shown in fig, ISQ*.. 
where A B is the section of a multiplying glass in which onlf 
three of the planes are seen. A mrect image of the object 
C will be seen through the face G H, by the ^e at E ; an- 
other image will be seen at D, l^ the refraction of the face 
H B, and a third at F, by the refraction of the face A 6, an 
image being seen through evei^ plane fitce that k cut upon 
the lens. The image at C will be colorless, and all those 
formed by planes inclined to A B will be colc»:ed in proportioD 
to the angles which the planes form with A B. 

Natunu multiplying glasses may be found amon? trans- 
parent minerals wnich are crossed with veins oppositely crys- 
tallized, even tiiough they are CTound into plates with parallel 
faces. In some specimens of &eland spar more than a faun« 
dred finely colored images may be seen at once. The theoiy 
of such multiplying grasses has already been explained in 
Chap. XXIX. 



CHAP. XL 

ON THE CAHSRA OBBGORA, MACHO LAKTBRN, AMD 

CAMERA LUCIDA. 

(192.) The camera obscura, or dark chamber^ is the name 
of an amusing and useful optical instrument, invented by the 
celebrated Baptista Porta. In its original state it is nothing 
more than a dark room with an opening in the window-gutter, 
in which is placed a convex lens of one or more fbet focal 
length. If a sheet of white paper is held perpendicularly be^ 
hind the lens, and passing through its focus, there will be 
painted upon it an accurate picture of all the objects seen 
from the window, in which the trees and clouds will a{^)ear to 
move ia the wind, and all living objects to display the same 
movements and gestures which they exhibit to the eye. The 
perfect resemblance of this picture to nature astonishes and 
delights every persoiif however often they may have seen it 
The image is of course inverted, hut if we look over the top 
of the paper it will be seen as if it were erect The ground 
on which the picture is received should be hollow, and part of 
a sphere whose radius is the focal distance of the convex lena 
It is customary, therefore, to make it of the whitest plaster of 
Paris, with as smooth and accurate a surface as possible. 

In order to exhibit the picture to several spectators at once, 
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and to eoftUe any person to copy it, it isdeaimble that the 
image i^ould be fermed upon a horizontal table. This may 
be done by means of a metallic mirror, placed at an angle of 
45^ to the refracted rays, which will reflect the picture upon 
the white ground lying horizontally^ or^ as in the portable 
camera obscura, it may be reflected upwards by the mirror, 
and received on the lower side of a 'plate of ground glass, with 
its rough side uppermost, upon which the picture may be 
copied with a fine sharp-pointed pencil 

A very convenient portable camera obscura for drawing 

landscapes or other objects is shown in fig, 153., where A B 

is a meniscus lens, with its concave side uppermost, and the 

J^. 153. radius of its convex surface being 

^p to the radius of its concave sur- 

t~" — -ot face as 5 to 8, and C D a plane 
'l5lW metallic speculum inclined at an 
"ilHM? angle of 46° to the horizon, so as 

to reflect the landscape downwards 
through the lens A B. The 
draughtsman introduces his head 
through an opening in one side, 
and his hand with the pencil 
through another opening, made in 
Bttch a manner as to allow no light 
to fall upon the picture which is 
exhibited on the paper at E F. 
The tube containing the mirror 
and lens can be turned round by a 
rod within, and the inclination of the mirror changed, so as to 
introduce olijects in any part of the horizon. 

When the oamera is intended for public exhibitieo, it con- 
sists of the same parts similarly arranged ; but Uiey are in 
this case phu^ on the top of a building, and the rotation of 
the mirror, and its motion in a vertical plane, are effected by 
turning two rods within the reach of the spectator, so that he 
can introduce any object into the picture from all points of the 
compass and at all distances. The picture is received on a 
table, whose surface is made dl stucco, and of the same radius 
as the lens, and this sur&ce is made to rise and fall to accom- 
modate it to the change ^ focus produced by ol^ects at di^ 
ferent distances. A camera obscura which throws tiie image 
down upon a horizoDtal sur&ce may be made wil^bout any 
mirror, by using an^^ of the lenticular prisms D E F, 6 H t 
M L N, when the objects are extremely near, and P B 0,^^*. 
148. The convex sur&ces of these prisms converge the rays 
which are reflected to their focus by the flat fiioes D E, G H, 
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LN, and PQ; these lecticalar priemB maj' be fbrmed by ce- 
meoting plancK;onvei or concave lenses on the feces A B, BC 
of the rectangular prism A B C, or the ctmvex lens maj be 
placed near to A B. * 

If we wi^ to farm an erect image on a vertical ptaoe, the 
prism ABC, fi^. 148., may be pia^ in front of the ctHivex 
lens, or immediately behind it. The same e^t might be 
produced b; three reflexiona from three mirrora or specula. 

I have found that a peculiarly brilliiint e%ct is given to the 
images formed in the camera obscura when they are received 
upon the silvered back of a looking-glass, amocthed by grind- 
iog it with a flat and soft hone. In the portable camera ob- 
ecura I find that a film of skimmed milk, dried upon a plate of 
glass, is superior to ground glass for the reception of image& 

A modification of the camera obscura, called the megascope, 
is intended for taking magnified drawings rf smalf objects 

E laced near the ieoa. In this case, the distance of the image 
ehind the lens is greater than the distance of the object to- 
fore it By altering the distance of the c^ect, the aise of the 
itMge may be reduced or enlarged. The hemispherical lena 
LUN,^. 148.) is particularly adapted for the megascope. 



(193.) The magic lantern, an invention of Eircher, ia 

■hownin/^. 154., where Lisa k '-'- "' ' ' 

burner, j^ced in a dark lantern. 



ahown mjtg. 154., where L is a lamp with a powerful Artnod 
.. ,___.-__ j__.. , A le.iide of ' ■ 



is a concave mirror M N, the vertex of which is oppofflte to 
the centre of the flame, which is placed in its focus. In the 
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purpose of allowing sliderB to be introduced through the dit 
C D. These sliders cont&in 4 or 5 pictures, each painted and 
highly colored with transparent vami^es, and, by sliding 
them through C D, any of the subjects may be introduced into 
the axis of the tube and between the two lenses A, R The 
light of the lamp L, increased by the light reflected from the 
mirrcur fiilling upon the lens A, is concentrated by it upon the 
picture in the slider; and this picture, being in one of the 
conjugate foci of the lens B, an enlarged image of it will be 
point^ on a white cloth, or on a screen of white paper, E, 
standing or suspended perpendicularly. The distance of the 
lens B nrom the object or the slider may be increased or dimin- 
ished by pulling out or pushing in the tube B, so that a distinct 
picture of the object may be Inrmed of any size and at an^ 
distance from B, within moderate limits. If the screen £ F is 
made of fine semi-transparent silver paper, or fine muslin 
properly prepared, the image may be distinctly seen by a spec- 
tator on the other side of the screen. 

(194) The phanttumagoria is nothing more than a magic 
lantern, in which the images are received on a transparent 
screen, which is fixed in view of the spectator. The magic 
lantern, mounted upon wheels, is made to recede from or ap- 
proach to the screen ; the consequence of which is, that the 
picture on the screen expands to a gigantic size, or contracts 
mto an invisible object or mere lummous spot The lens B is 
made to recede from the slider in C D when the lantern ap- 
proaches the screen, and to approach to it when the lantern 
recedes from the screen, in onler that the picture upon the 
screen may always be distinct This may be accomplished, 
according to Dr. x oune, by jointed rods or levers, connected 
with the screen, which pull out or push in the tube B ; but 
we are of opinion that the required effect may be much more 
elegantly and efficaciously produced by the simplest piece of 
mechanism connected with the wheela 

Camera Lucida, 

(195.) This mstrument, invented by Dr. Wollaston in 1807, 
hsB come into verv general use for drawing landscapes, de- 
lineating objects of natural history, and copymg and reducing 
drawings. 

Dr. WoUaston's form of the instrument is shown in fig. 
155., where A B C D is a glass prism, the angle BAD being 
90*^, ADC67i®, andDCB135o. The rays proceeding from 
any object, M N, after being reflected by the feces D C, C B 
.o the eye, E, placed above the angle B, the observer will *"' 



OH OPTICS. 



tit-: 






I 

tngle B, M> flnt it tt the mm time mm into the pnon with 
Mte-half of the pupil, ind put tlie angle B witii the other ha]^ 
it will obtain distinct vision of the iBUgefflR,and also see the 
papeT and the pomt of the pencil ite drangliUiaan his, 
therefore, only to trace the- oattitie ti the imsge upon the 
paper, the image b^ng seen with half c^ the p^nl, and the 
paper and pencil with the other half 

Uaoj persona have acquired the art cf tinng this inatru- 
nent with great ftcility, while otheia have entirely &iled. In 
examining the cauaes of Ihia fiilnre, prdean Amiei, ai li.o- 
dena, eucceeded in rerooviBg dwm, and haa jmqwaed variouB 
ktnm «f the inatmnMnt free fiom the defects i£ Dr. Wollaa- 
ton').* Hm ene which M. Amici thinke the beat is shown in 
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j^. 156., where A B C D is a piece of thick pemillel glasB, 
FQ H C a metallic mirror, whose face, F 6, is highly polish- 
ed, and inclmed 45^ to B C. Rays from an object, M N, after 
passing tiirough the slass A B C D, are reflected from F G, 
and afterwards from the &ce B C of the glass plate to the eve 
at E, by which the object, M N, is seen at m n, where the 
paper is placed. The pencil and the paper are readily seen 
through the plane glass A B C D. In order to make the two 
faces of the glass, AD, B C, perfectly parallel, M. Amici 
forms a triangular prism of ^ass, and cuts it through the 
middle ; he then joins the two prisms or halves, A D C, C A B, 
so as to fi>rm a parallel plate, and by slightly turning round 
the prisms, he can easily find the position in which the two 
fiices are perfectly parallel. 



CHAP. XU. 

ON MICRO0OOPBS. 

A MKnoKiOPE is an optical instrument fbr magnifying and 
examining minute objects. Jansen and Drebell are supposed 
to have separately invented the single microscope, ana Fon* 
tana and Galileo seem to h|ive been the first who constructed 
the inatrament in its compound form. 

Single Microscope* 

(196.) The single microscope is nothing more than a lens 
or sphere of any transparent substance, in the focus of which 
minute objects are placed. The rays which issue from each 
point of the object are re&acted by the lens into parallel rays, 
which, entering the eye placed immediately behmd the lens, 
afford distinct visbn of the object The magnifying power 
of all such microscopes is equal to the distance at which we 
could examine the object most distinctly, divided by the fi)ca] 
length of the lens or sphere. If this distance is 5 inches^ 
which it does not exceed in good eyes when thev examine mi- 
nute objects, then the maguuying power of each lens will be 
as follows : — 



iaekaa. pow«r. povrer. 

5 1 1 

1 5 25 

A 50 2500 

^j 600 260000 
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The Hnear magnifying pow» is the number of times an 
object is magnified in lengtn, and the superficial magnifying 
power is the number of times that it is magnified in surface. 
If the object is a small square, then a lens of one inch focus 
will magnify the side of the square 5 times, and its area or 
surface 25 times. 

The best single microscopes are minute lenses ground and 
polished on a concave tool ; but as the perfect execution of 
these requires considerable skill, small spheres have been often 
constructed as substitutes. Dr. Hooke executed these spheres 
in the following manner : having drawn out a thin strip of 
window-glass into thread»by the flame of a lamp, he held o^e 
of these threads with its extremity in or near the flame, till it 
ran into a globule. The globule was then cut off* and placed 
above a small aperture, so that none of the rays which it 
transmitted passed through the part where it was joined to the 
thread of glass. He sometimes ground off the end of the 
thread, and polished that part of md sphere. Father di Torre 
of Naples improved these globules by placing them in small 
cavities in a piece of calcined tripoli, and remelting them 
with the blowpipe ; the consequence of which was, that they 
assumed a pei^tly spherical form. Mr. Butterfield executed 
similar s^eres by taking upon the wetted point of a needle' 
some finely pounded glass, and melting it by a spirit lamp into' 
a globule. If the part next the neefie was not melteo, the 
globule was removed from the needle and taken up with the 
wetted needle on its round side, and again presented to the 
flame till it was a perfoct s[^ere. M. Sivright, of Megeelland, 
has made lenses by putting pieces of glass in small round 
apertures between the 10th and 20th of an inch, made in plar 
tmum leaf. They were then melted by the blowpipe, so that 
the lenses were made and set at the same time. 

Mr. Stephen Gray made globules for microscopes by insert- 
ing drops of water m small apertures. I have made them in 
the same way with oils and varnishes ; but the finest of all 
single microscopes may be executed by forming minute plano- 
convex lenses upon glass with difierent fluidsL I have also 
formed excellent microscopes by using the spherical crystal- 
line lenses of minnows and other smiul fish, and taking care 
that the axis of the lens is the axis of vision, or that Uke ob* 
server looks through the lens in the same manner that the fish 
did.* 

The most perfect single microscopes ever executed of solid 
substances are those made of the gems, such as garnet^ ruby 

0ee Edi%b%rgk Journal of Science, No. III. p. 96. 
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Ibbim pwfeiMed atoirably, ia cmieqneiice of theii producing 
wilh Hu&ees of inferiw eurMtiire, the Mme nMgaifjiiig 
fpwer «■ t ^Ma.law; ud the diBtiBctness of the itoa^ w»» 
vtcrmaeA I^ tbeir ^mrbinff the Kdieme blue nys of the 
q>ecbHift Mr. Pritcbatd. <H Londcm, bu ctrried this Imncb 
tf Uie art to tJie hi^teM Mrfectioiit aiod kiM executed Umea 
of Bi{^ure and damand of gK«t power snd' perfection of 
wofkuMJidiipb 

When the ''■"~m^ can be pncurod jwrfectl; h<»>iOfaDeou« 
sad Aea fhm double lefractuHi, it may be wrought iBio a leiw 
«( the higbeat ezcelleocfl ; but tbe aapphice, which has doubia 
refnctioD, is leas fitted for this purpcse. Gunet is decidedly 
the beat nwterial for single leaaea, as it baa no doubia r^no 
tioo, and may be procured, with a little attf ntioo, perikstly 
pure and hooiogeiieoua. I have now in my poaaeatdon two 
garnet miOTeeoom^ executed by Mr. Adia, which far surpaaa 
menaelid lenal Iwve seen. Their focal length is between 
tbe 90(h and the COth of an inch. Mr. Veitch, of Inchbonny, 
iMa lihewiee executed ei»ne admirable garnet knsee out r£ a 
Greenland liieoiineD d* that mineral given Co me by Sir Cluulea 



(197.) A single microsoope, which occorred to me aome 
yaaia agO| is shown in^. 157., and cwaists in a new method 
«f tubig a heBtupktrie^ lent to at to obtain fiom it twice 



the magnifying soioer which it ^otiMe* when tued in th4 
common wa^. If A BC ia a hemispherical lens, rays iaaaiMf 
from any objeclt R, will be refracted at the first sur&ce A C, 
and, afUr total reflexion at the plane eurbce B C, will be 
again refracted at the sec(»d surfice A B, and emerge b par- 
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■llel AindioaB d e/, exkctl; io the sune mumer as if (bey 
had not been reflet^ at the polnbi a, b,e, but bad janed 
through the othei half B A' C of a perfect efhete ABA'C. 
iie ODJect at R will therefinre be magnified in the ssme dujh 
ner, aira will be seen with the asme distinctiieeB an if it bad 
been seen thiwigh a Bphere of glan A B A' C. We (ri>taj]i, 
consequently, bj this cantriTance, all the advmbtgm of m 
qiberical lens, which we believe never has been executed by 
ffrindin^. The perisci^ principle, which will presNitlf 
be mentioned, may be ctHnmuoicated to this eatopfrie lens, as 
it maj be called, bj merelj' grinding <0 the angles B C, of 
rough grinding an annular space on the plane suiftce B C 
The conliiBuiD artaing from tbe ofaliqoe refractions will thua 
be prevented, and the pencils fiom every put of the object 
will ftll symmetrically upon the lens, and be symtoetiicalty 
refracted. 

Before I had thoc^t of this lens, Dr. Wolla^on had pro- 
posed a method of improving lenses, whii^ ia shown in jSg-. 
Hg. ISO. 1^ ^^ introduced between two plano- 
convex lenses of equal size bimI ndiu8,k 
a plate of metal with a chrcular aperture eqiwl 

^..hSL-..,,^ to jth of the focal length, and when Ibe 
/^ M \. aperture was well centered, he fbtmd that 
/ 11 \ the viailrie field was 20° in diameter. In 
I [T I this compound lens the oblique pencils paa^ 

\ ■ / ''^° ^° central ones, at right angles to the 

V H / surfiice. If we compare this lens with the 
^•'^M,^'^ eatoptrie one above described, we shall see 
nr that the eBect which ia produced in the one 

case with two spherical and two plane surfiices, all ground 
separately, ia prodaced in the other case by one spberiMl and 
one plane snriaca. 

(196.) The idea cS Dr. Wdlaston may, however, be ip- 
praved m other ways, by filling up the central aperture with 
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ft eemtot of the suae retentive power u the lensefl^ ot, what 
k far better, by taking a sphere of glass and grinding away 
the equatorial parts, so as to limit the ceotru aperture, su^ 
shown in fig, 1S9. ; a constructian which, when executed in 
garnet, aiKl used in homogeneous light, we conceive to be the 
most perfect of all lenses, either fixr single microscopes, or for 
the object lenses of compound ones. 

When a single miesoscope is used for opaque obiects, the 
lens is placed within a concave silver speculum, which con- 
centrates parallel or converging rays upon the &ce of the ob- 
ject next the eye. * 

Compound MicroKopes, 

(ld9.) When a microscope consists of two or more lenses 
or specula, one c^ which forms aii enlargfed image of objects, 
while the rest magnify that image, it is called a compound 
tmcrotcope. The lenses, and the progress ci the rays through 
them in such an instrument, are shown in fig. 160., where 
A B is the object glass, and C D the eye glasa An object. 

Fig. 160. 




M N, placed a little fiirther from A B than its principal focus, 
will have an enlarged image of itself formed at m n in an in- 
verted posilSon. If this enlarged image is in the focus of an- 
other lens, C D, placed nearer the eye than in the figure, it 
will be again magpified, as if m n were an object The mag- 
nifying effect of me lens A B is found by dividm^ the distance 
of the image m n from the lens A B by the distance of the 
object from the same lens ; and the magnifying effect of the 
eye glass C D is found by the rule for single microscopes ; and 
these two numbers being multiplied together, will be the 
magnifying power of the compound microscope. Thus, if M A 
is ^th of an mch, A n, 5 inches, and C n ^ an inch, (m n being 
supposed in the focus of C D,) the ef^t of the lens A B wiS 
be 20, and that of C D 10, and the whole power 200. A larger 
lens than anv of the other two, called the field glass, and 
shown at £ F, is generally placed between A B and the imago 
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mn, fbr the porinie of eidtfging tiie fi«id -of view. It btm 
tibte effeet of diminishinff the magnifyitag power of tiie rndtra*' 
ment by fbrming a smukr image at vu, whieh is Brngnified- 
by CD. 

The ii^miity of philoso^eni ttod of lotistB has been nea^ 
exhausted in devising &e best fi>rras of object glasses and df 
eye glasses fyr &e compound nucroscope^ Mr.Coddin^toB- 
has recommended fi>ur lenses to be en^kiyed in the eye piece 
of compound* microsocpeB, as shown iarjig* 161! ; and along- 
witii these he uses, as an object gkss, tte ^here excavated at 

J^. 161. 




the equator, as in Jig. 159., fbr the purpose of reducing the 
aberration and dispersion. ** With a sphere," says he, ** prop* 
erly cut away at the centre, so as to reduce the aberration and 
dispersion to insensible quantities, which may be done most 
completely and most easily, as I have found m practice, the 
whole ima^e is perfectly distmct, whatever extent (^ it be 
taken ; and the radius of curvature of it is no less than the 
focal length, so that the one difficulty is entirely removed, and 
the other at least diminished to one»haI£ Besides all this, 
another advantage appears in practice to attend this construc- 
tion, which I did not anticipate, and for which I cannot now 
at all account I have stated that when a pencil of rays is 
admitted into the eye, which, having passed without deviation 
through a lens, is bent by the eye, the vision is never free 
from the colored fringes produced by excentrical dispeisioo^ 
Now, with the ^here I certainly do not perceive this defect, 
and I therefore conceive that if it were possible to make the 
spherical glass on a very minute scale, it would be the most 
perfect simple microscope, except, perhaps, Pr. Wollaston's 
doublet. *** Now, the sphere has this advantage, that it is 
more peculiarly fitted for the object glass of a compound in- 
strument, since it gives a perfectly distinct image of any rer 
quired extent, and that, when combined with a {^oper eye 
piece, it may without difficulty be employed for opaque ob- 
jects."* The difficulty of making the spherical glass on a 

* Cambridge Tyansactitms, 1830. 
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vei^ minate scale, whidi Mr. Coddin^too here meatiixiB, and 
which ia bj no meaofl inaurmouQUble, is, I conceive, entirely 
temoved by substituting a hemiiphere, as abown ici fig. 157., 
and coottactiag the aperture in uie manner there mentioned. 
Dr. Wollaaton'a microscopic doublet shown in^. 162., con- 
nr. iw. ^ia\s of two plsoo-convex lenses m, n, 

with their plane aides toniad towards 
the object Their focal kogths ue as 
one to (Aree, and theii distance from 1|^ 
to 1^ ioch, the least convex bein^ next 
the eje. The tube is about six inches 
I long, baviog at its lower end, C D, a cir- 

cular perfbratioa about i^, of an inch in 
diameter; through which light radiating 
from R ia reflected by a [^ane mirror a o ' 
below it. At the upper end of the tube 
ia a plano-convex lens A B, about j of an 
inch ibcua, with its plane side next the 
obsorver, the object of which is to Cirm - 
a distinct imaee of the circular perS>r&- 
tion, at «, at the distance of about -^ of 
an inch from A B. With this inBtrumont, 
Dr. Wollaaton saw the finest stris and 
wnaturea upon tbe scales of the leptm* , 
and voduTtt, and upon the scales of a 
gnats wii^. 

(200.) Double and triple achromatic 
lenses have be«i recently much used fitr 
L die object glasses of microectqtea, and 
two or three of them have b^n cooi- 
bined; but though they pertbrm well 
they are very expensive, and by no means 
superior to other instruments that are properly constructed.* 
The power of using homogeneous light, indeed, renders them 
in a great measure unnecessary, especially as we cau empby 
either of Mr. Herschel's double lenses shown in fig*. 43. and 
4C which are entirely free Irom apherical aberration. One cf 
these, fig. 44., has been executed ^ of an inch tbcus, with an 
aperture of ^ of an inch; and Mr. Pritchard, to whom it be- 
longs, informs us that it brio^ out all tbe test objects, and ex- 
hibits opaque ones with &cili^. 

Id applying the compound mictcecope to tiie eaunination tA 
objects of natiml history, 1 have reccHnmeoded the immeraron 
<^the object in a fluid, ibr the purpose of expanding it and 

• Bn JEWnlaiyt Jnrntl tf SilnM, No. VIII. new Krin p. SM 
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g*viii£^ its miante parts their pvoper position and appearance. 
I order to render this method perfect, it is proper to immerse 
the anterior surface of the object glass in the same fluid which 
holds the object ; and if we use a fluid of greater dispersive 
power than the object glass, and accommcMate the interior 
surface to the difference of their dispersive powerS) the object 
glass ma^ be made perfectly achiomatia The eupericMii^ of 
such an mstrument in viewing animalcule and the molecules 
of bodies noticed by Mr. Brown, does not require to be poixtted 
out 

On Refecting Micromsopes, 

(201.) The simplest Of all reflecting microscopes is a cod 
cave mirror, in wmch the fkce of the observer is always mag- 
nified when its focus is more remote than the observer. When 
the mirror is very concave, a small object m n, Jiar, 14., will 
have a magnified picture of it formed at M N; andwhen this 
picture is viewed 1^ the eye, we have a single reflecting mi- 
* croecope, which magnifies as many times as the distance A n 
^ the (^ject horn the mirror is contained in the distance A M 
of the ima^e. 

Bat if, mstead of viewing M N with the naked eye^ we 
magnify it witii a lens, we convert the simple reflecting mi- 
croscope into a compound reflecting microscope, oomposed of 
a mirror and a lens. This microscope Was first proposed by 
Sir Isaac Newton ; and after being long* in disuse nas been re- 
vived in an improved fi>rm by Professor Amici of Modena* He 
made use of a concave ellij^idal reflector, whose focal dis- 
tance was 2^ inches. The unage is formed in the other focus 
of the ellipse, and this linage is magnified by a single or double 
eVe piece, eight inches from the reflector. As it is imprac- 
ticable to iUumitiate the object m n when situated as in fr, 
14., professor Amici placed it without the tube or below the 
line BN, and introduced it into the speculum A Bby reflexion 
fiiom a small plane speculum placed between m n and A B» 
and havinjgf its diameter about Indf that of A R 

Dr. Gonng, to whom microscopes of all kinds owe so many 
improvements, has greatly improved this instrument He uses 
a small plane speculum less than ^ of the diameter <^ the 
cobcave speculum, and employs the following specula of very 
abort focal distances : — 
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Tbat ingoDiaus artist Mr. Cuthbert, who executed these im- 

pmvementa, has more recentlj, under Dr. Goriiig'a dlrectioiv 
finished tiulj elliptical specula, whose aperture is equal to 
tbeir focal longtb. This he has done with specula having 
half an incA fi^us and half an inch aperture, and three terUM 
ot an inch &cus and three tenths of an inch aperture. Dr. 
Goring asurea us that this microscope exhibited a set of lon- 
gitudinaj lines aa the Bcalea of the pndura in addition to the 
two sets of diagonal ones previously discovered, and two sets 
of diagonal linM on the scales of the cabhage butterflv in ad- 
dition to the kmgitudinal oaea with the cross stripe, hitherto 
obseired.* 

On Tett Ofr^i. 
(202.') Dr. Goring has the merit of having introduced tlie 
tw of test objects, or objects whose texture or markings re- 
hired a certain excellence in the micmeco^ to be well seen. 
A few of these are shown m^. 163L as given by Mr. Pritch- 
•td, A is the wing of the meneiaut, B ukd C the hair of the ' 




Bftt, and D and E Uie hair d£ the mouse. The most difficult 
«f all the test objects are those in the scales of the yoditrsaad 
>Jie cablMge butlerfl; mentkuied above. 

Sols* for mneroaeapc Obsntxilwm*. 

(203.) 1. The eje should be protected Irran all eztraneous 
^ht, and should not receive any of the light which proceeds 
ftom the illuminating centre, excepting what is transmittsd 
through or reflected frcn the object 

3. Delicate obaervalions should not be made when the fluid 
which lubricates the cornea is in a viscid slate. 

3. The best position for microscopical observatioDs is when 

• Hh EMt^rfk jKimal ^ adiut. No. IV. new xrin. p. 331. 
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the observer is lying horizontally on his hack. This arises 
from the perfect stability of his head, and from the equality 
of the lubricatinof film of fluid which covers the cornea. The 
worst of all positions is that in which we look downwards ver- 
tically. 

4. If we stand straight up and look horizontally, parallel 
markings or lines will be seen most perfectly when their di- 
rection IS vertical ; viz. the direction m which the lubricating 
fluid descends over the cornea. 

5. Every part of the object should be excluded, except that 
which is under immediate observation. 

6. The light which illuminates the object should have a 
very small diameter. In the day-time it should be a single 
hole in the window-shutter of a darkened room, and at night 
an aperture placed before an Argand lamp. 

7. In all cases, particularly when high powers are used, 
the natural diameter of the illuminating light should be di- 
minished, and its intensity increased, by optical contrivances. 

8. In every case of microscopical observations, homogeneous 
yellow light, procured from a monochromatic lamp, should be 
employe£ Homogeneous red light may be obtainea by colored 
glasses.* 

Solar Microscope. 

(204.) The solar microscope is nothing more than a magic 
lantern, the light of the sun being used instead of that of a 
iamp. The tube A B, Jig, 154., is inserted in a hole in the 
window-shutter, and the sun's light reflected into it by a long 
plane piece of looking-glass, which the observer can turn 
round to keep the light in the tube as the sun moves through 
the heavens. 

Living objects, or objects of natural history, are put upon a 
^lass i^der, or stuck on the point of a needle, and introduced 
into the opening C D, so as to be illuminated by the sun's rays 
concentrated by the lens A. An enlarged and brilliant image 
of the object will then be formed on the screen E F. 

Those who wish to see the various external farvaa of micro- 
scopes of all kinds, and the difllerent modes of putting them 
up, are referred to the article Microscope, in the Edinburgh 
Encycloptedia, vol. xiv. p. 215—233. In the latest work on 
the microscope, viz. Dr. Goring and Mr. Pritchard's ** Micro- 
scopical Illustrations," London, 1830, the reader will find 
much valuable and interesting infi)rmation. 

* See the article Microscope, Edinburgh Eneyelopmdia, vol. xiv. p. S9B. 
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CHAP. XIJI. 

ON REFBAGTINO AND REriiBCTINO TELBSGOPiaB. 

Astronomical Telescope, 

(205.) That the telescope was invented in the thirteenth 
century, and perfectly known to Roger Bacon, and that it was 
used in England by Leonard and Thomas Digges before the 
time of Jansen or ualileo, can scarcely admit of a doubt The 
principle of the refracting telescope, and the method of com- 
puting its magnifying power, have been already explained. 
We shall therefore proceed to describe the different fbrms 
which itsuccessively assumed. 

The astronomical telescope is represented in fig. 164. It 
consists of two convex lenses A B, C D, the former of which 




is called the object glass, from bein^ next the object M N, and 
the latter the eye glass, from its hems next the eye E. The 
object glass is a lens with a long focal distance; and the eye 
glass is one of a short focal distance. An inverted image m n 
of any distant object M N is formed in the focus of the o^eet 
^lass A B ; and this image is magnified \xv the eye glass U D, 
in whose anterior focus it is (Haced. By tracing the rays 
through the two lenses, it will be seen that they enter the eye 
£ parallel. If the object M N is near the observer, the image 
mn will be found at \ greater distance from AB; and the 
eye glass C D must be drawn out from A B to obtain distinct 
vision of the image m n. Henc» it is usual to fix the object 
glass A B at the end of a tube longer than its focal distance, 
and to place the eye glass C D in a small tube, called the eye 
tube, which will slide oat o^ and into, the larger tube, for the 
purpose of adjusting it to objects at different distances. The 
magnifying power of this telescope is equal to the focal length 
of the object glass divided by the focal length of the eye glass. 
Telescopes of this construction were made by Campani 
Divini and Huygens, of the enormous length of 120 and 136 
feet ;. and it was with instruments 12 and 24 feet long that 
Huygens discovered the ring and the fourth satellite of Saturn. 

Z 
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In order to use object glasses of such great focal lengths with- 
out the encumbrance of tubes, Huygens placed the object 
glass in a short tube at the top of a very long pole, so that 
the tube could be turned in every posBiwe direction upon a 
ball and socket by means of a string, and brought into the 
same line with another short tube containing the eye glass, 
which he held in his hand. 

As these telescopes were liable to all the imperfectioos 
arising from the aberration of refhin|fibility and that of spher- 
ical figure, they could not show objects distinctly when the 
aperture of the object glass was great ; and an this account 
their magnifying power was limited, Hnygens (bond that the 
following were the proper proportions:-** 

20 

m 

44 

62 

140 

197 

216 

In the astronomical telescope, the object, M N, is always seen 
inverted. 

Terrestrial Telescope* 

(206.) In order to accommodate this telescope to land ob- 
jects which require to be seen erect, the instrument is con- 
cAraoted as in Jig, 165., which is the same as the preceding 
one, with the addition of two lensefd E P, G H, which have the 
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fltme ibcal length as C D, and are placed at distances equal to 
double their common fbcal length. If the focal lengths are not 
equal, tha distance of any two of them must be equal to the 
sum of thei|;.focal lengths. In this telescope the progress of 
the rays is exactly the same as in the astronomical one, as ftr 
as h, where the two pencils of parallel rays C L, D L ciobb in 
the anterior ^ocn^ L of the second eye glass £ F. These rays 
faliing^Qn £ F form in its principal focus an erect imiige, m'n 
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which is seen erect by the third eye glass G H, as the rays 
diverging irtim m* and n* in the focus of G H enter the ere 
in parallel pencils at E'. The magnifying power of this tele> 
msope is the same as that of the former when the eye glaases 
are equal 

CUdilemn Telescope, 

(207.) This telescope, which is the one osea oy Qalileo, 
diners in nothing fh>m the astronomical telescope, excepting 
in a concave eye i^ass C D, JSg. 166. being subeutated for the 
conrex one. The concave lens C D is placed between the 

J^.166. 




iaiage M n and the object glass, so that the image is in the 
jNTiBcipal focus of the concave leas. The pencils of rays 
A B n, A Bm ML npan C D, converging to its principal focus, 
tand wiU. therefore be re&aeted into parallel lines, idiich will 
^nter the ejFe at £, ^^ ^ive distuict vision of the olject The 
magnifying power of this tdescope is found by the same rule 
•as that for the astronomical telescope: it gives a soudler and 
iless va^reeaUe field of view than the astronomical telescope, 
jlMit it ttas the advanta^ oi showing the object erect, and ot 
clfiving mare distinct ¥ision x>f it 

<ywyorMW> R^ctfitg Teletoope. 

(306.) Father Zuechins seem^ to have been the first person 
who magnified objects by means of a lens and a concave sp|ec- 
nlum ; bat there is no evidence that he constructed Jt reflecting 
telescope with a small speculum. 

James Gregory was the first who described the constnictioii 
of this instrument, but he does not seem to have executed 
one ; and the honor of doing this with his own hands was re- 
served for Sir Isaac Newton. 

The Gregorian telesco^ is shown in fig. 167., where A B 
is a concave metallic speculum with a hole in its centre. For 
very remote objects the curve of the speculum should be a 

girabola. For nearer ones it i^Knild be an ellipse in wfaoee 
rther focus is the object, and in whose nearer focus is the 
image; and in both these cases the speculum would be free 
fitxn spherical aberration. But. as these curves cannot be 
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.jommutiicated with certainty to specala, opticians are satisfied 
with giving to them a correct spherical figure. In front of the 

Fig. 167. 




large speculum is placed a small concave one, C D, which 
can be moved nearer to and farther from the large speculum 
by means of the screw W at the side of the tube. This spec- 
ulum should have its curvature elliptical, though it is gene- 
rally made spherical. An eye-piece consisting of two convex 
lenses, £, F, placed at a distance equal to half the sum of their 
focal lengths, is screwed into the tube immediately behind the 
great speculum A B, and permanently fixed in that positioD. 
If rays M A, N B, issuing nearly parallel fi*om the extremities 
M and N of a distant object, fall upon the speculum A B, they 
will form an inverted image of it at m n, as more distinctly 
shown in >^. 14 

If this ima^ mn is farther from the small speculum^C D 
than its principal focus, an inverted ima^ of it, m' n', or an 
erect image of the real object, since m n is itself an inverted 
one, will be formed somewhere between £ and F, the rayb 
passing through the opening in the speculum. This image 
m' n' miorht have been viewed and magnified by a convex eye 
glass at F^ but it is preferable to receive the converging rays 
upon a lens £ called the field glass, which hastens their con- 
vergence, and forms the image of m n in the focus of the lens 
F, by which they are magnified ; or, what is the same thing, 
the pencils diverging from the image m! n' are refracted by F, 
so as to enter the eye parallel^ and give distinct vision of^the 
image. If the object M N is brought nearer the speculum 
A B, the image of it, wi /i, will recede from A B and approach 
to C D ; and, consequently, the other image m! n' in the con- 
jugate focus of C D will recede from its pkce m' n\ and cease 
to be seen distinctly. In order to restore it to its place m' n\ 
we have only to turn the screw W, so as to remove C D 
farther from A B, and consequently &rther from m n, which 
Mtfll cause the image m' n' to appear perfectly distinct aa be- 
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fiMB. The ooagnifying power of this telescope may be fbimd 
by the following rule :-^ 

iltfult^)ly the focal distimce of the great specoluro J^y .^ 
diistanoe of the small mirror from the image next the Qye, a^ 
{brmed in the anterior focus of the convex eye glass, and mul- 
tiply also the $)cal distance of the small speculum by the focal 
distance of the eye glass. The quotient arising from dividing 
the former product by tbe latter will be the magnifying power. 

This rnle supposes the eye-piece to consist of a single lens. 

The followmg table, shoSvin^ the focal lengths, apertures, 
powers, and prices of some of ohort^s telescopes, will exhibit 
the great superiodty of leflecting telescopes to re&acting 
ones: — 



1 
2 
3 
4 
7 
18 



Afartnn te t»oh» 


IfapdfJrUKpawan. 


M««|ii.|Mla^ 


3-0 


35 to 100 


14 


4-5 


90 300 


35 


6-3 


100 400 


75 


7*6 


120 500 


im 


12*2 


200 800 


300 


18-0 


300 1200 


800 



Cassegraiman Telescope, 

<209.) The CasMegrainian tduonpe^ proposed 'W M. Cas- 
SBgnin, a Frenchman, differs from die <Sf egorian only in Imt- 
ing its small speculum C D,>^. 168., comp^ instesd^ oon- 
•QS^o. The qieculom is therefore placed before the iiaa^ m n 




•of the object M N, and an image of M N will be formed at 
m' n* between £ and F as in the Gregorian instrument The 
didva^tage of this form is, that the ^escope is sh<»ter than 
(the Gregorian by more than twice the focal length of the 
Wiali speculum ; and it is generally admitted that it gives 
/more light, and a distmcter image, in consequence of the con- 
vex speculum correcting the aberration of the concave one. 

Z2 
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Newtonian TdesQope, 

(210.) The Newtonian telescope, which may be regarded 
as an improvement upon the Gregorian one, is represented in 
Jig, 169., where A fi is a concave speculum, and m n the in- 
verted image which it forms of the object from which the rays 





M, N proceed. As it is impofisible to introduce Che eye into 
the tube to view this image without obstructing the li^ht 
which comes from the object a small plane speculum C D, in- 
clined 45° to the axis of the large speculum, and of an oval 
form, its axes being to one another as 7 to 5, is placed between 
the speculum and me image m n, in order to reflect it to a side 
at m' n', so that we can magnify it with an eye glass E, which 
causes the rays to enter the eye parallel The small mirror 
is fixed upon a slender arm, connected with a slide, by which 
the mirror may be made to approach to or recede from the 
large speculum A B, according as the image m n fq>proache8 
to or recedes from it. This a^'ustment mignt also be effected 
by moving the eye lens E to or from the small speculum. The 
magnifying power of this telescope is equal to the focal length 
of uie great speculum divided by that of the eye glass. 

As about half of the light is lost in metallic reflexions, Sir 
Isaac Newton proposed to substitute, in place of the metallic 
speculum, a rectangular prism ABC, fig. 148., in which the 
light suffers total reflexion. For this purpose, however, the 
glass requires to be perfectly colorless and free from veins^ 
and hence such a prism has rarely been used. Sir Isaac 
also proposed to make the two faces of the prism convex, as 
i) E F, fig. 148., and by placing it between the image m n 
and the object, he not only erected the image, but was enabled 
to vary the magnifying power of the telescope. The original 
telescope, constructed by Sir Isaac's own hands, is preserved 
in the library of the Royal Society. 

The following table shows the dimensions of Newtoman 
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telescopes, whicfa we have computed by taking a fine telescope 
made by Hawksbee as a standard : — 



Ift 2*23 inches. 0-129 inchea 98 

2 379 0*152 168 

3 514 0168 214 

4 636 0181 265 
6 8*64 0-200 360 

12 14-50 0*238 604 

24 24*41 0-283 1017 

(211.) Od account of the great loss of light in metallic re- 
flexion^ which, according to the accurate experiments of Mr. 
R. Potter, amounts to 45 rays in every 100, at an incidence of 
45^,'*' and the imperfections of reflexion, which even with per- 
fect sur&ces make the rays stray ^ve or six times more than 
the same imperfections in refracting sur&ces, I have proposed 
to construct the Newtonian telescope, as shown in fig, 170., 
where A B is the concave speculum, tn n the image of the 

Fig. no. 




object M N, and C D an achromatic prism, which refracts the 
imaffe m n into an oblique position, so that it can be viewed 
by £e eye at E through a magnifying lens. Nothing more is 
required by the prism than to turn the rays as much aside as 
will enable the observer to see the image without obetructinff 
the rays from the object M N. As the prisms of crown and 
flint glass which compose the achromatic prism may be ce- 
mented by a substance of intermediate refractive power, no 
more light will be lost than what is reflected at the two sur- 
facea 

In place of setting the small speculum, C D, of the New- 
Umian telescope, fig, 169., at 45°, to the incident rays, I have 
\nroposed to place it much more obliquely, so as to reflect the 
rmage m n, fig, 170., out of the way of the observer, and no 
&rther. This would of course require a plane speculum, C D, 

* Edinburgh Journal of Science, No. VI., new aeries, p.S83. 



ef -nHioh gveatar leo^rdiv Imt the greater obUqmty of the »- 
flexion woald Hiore than compenfiiite for this iDOonvenisiiGe. 
It might be advisable, indeed, to use a small speculum of dark 
g4«n, of a high refractive power, which at great incidences 
refledB as mudi light as metals, and which is capable of 
being brought to a much finer sur&ce. The fine sumoes of 
someorystals, such as ruby silver, oxide of tin, or diamond, 
might ifae used. 

A Newtonian reflector, ttithout an eye glass, may be made 
by usiog a reflecting glass prism, with one or both of its sur- 
fiices concave, when the prism is placed between the image 
m n and the great speculum, so as to reflect the myB parallel 
to the eye. The magnifying power will be equal to the focal 
length of the great speculum, divided by the radius of the 
concave surface of the prism if both the surfaces are concave, 
and of equal concavity, or by twice the radius, if only one 
surfiLce is concave. 

Sir WiUiam Hersch^Vs Telescope, 

(21^) The fine Gregorian telescopes executed by Short 
were so superior to any other reflectcn^ that the Newtonian 
fi>rm of the instrument fell into disuse. It was revived, how- 
ever, bj Sir W. Herschel, whose labors fi>rm the most brilliant 
epoch in optical science. With an ardor never before exhibit- 
ed, he isonstructed no fewer than 200 seven feet Newtonian 
reflectois, 150 ten feet, and 80 twenty feet in focal length. 
But his zeal did not stop here. Under the munificent patron- 
Sise of €reorge III., he began, in 1785, to construct a telescope 
forty feet long, and on the 27th of August, 1789, the day on 
which it was completed, he discovered with it the sixth satel- 
lite of Saturn. 

The great speculum had a diameter of 491 inches, but its 
concave surface was only 48 inches. Its thickness was about 
3^ inches, and its weight when cast was 2118 lbs. Its focal 
len^ was fortv feet, and the length of the sheet iron tube 
which contained it was 39 feet 6 inches, and its breadth 4 feet 
10 inche& By using small convex lenses, Dr. Herschel was 
enabled to apply a power of 6450 to the fixed stars, but a very 
much lower power was in general used. 

In this telescope the ob^rver sat at the mouth of the tubei 
and observed by what is called the frmU view, with his back 
to the olyect, without using a plane speculum, the eye lens 
being applied directly to magnify the image formed by the 
great speculum. In order to prevent the head, 4ltc from ob- 
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stracting too much of the incident light, the image was formed 
out of Uie axis of the speculum, and must, therefore, have 
been slightly distorted. 

As the frame of this instrument was exposed to the weather, 
it had greatly decayed. It was, therefore, taken down, and . 
another telescope, of 20 feet focus, with a speculum 18 inches 
in diameter, was erected in its place, in 1822, by J. F. W. 
Herschel, Esq., with which many important observations have 
been^made. 

Mr, Ramage's Telescope. 

(213.) Mr. Ramage, of Aberdeen, has constructed vanoiM 
Newtcmian telescopes, of great lengths and high powers. The 
largest instrument at present in use in this country, and we 
believe in Europe, was constructed by him, and erected at the 
Royal Observatory of Greenwich in 1820. The great specu- 
lum has a focal length of 25 feet, and a diameter of 15 inches. 
The image is formed out of the axis of the speculum, which 
is inclin^ so as to throw it just to the side of the tube, where 
the observer can view it without obstructing the incident rays. 
The tube is a 12-sided prism of deal, and when the instrument 
is not in use it is lowered into a box, and covered with canvas. 
The apparatus for moving and directing the telescope is ex- 
tremely simple, and displays much ingenuity. 



CHAP. xun. 

ON ACHROMATIC TELESCOPES. 

(214.) The principle of the achromatic tele8cq>e has been 
briefly explained in Chap. YIL, and we have there shown how 
a convex lens, combined with a concave lens of a longer ibcus, 
and having a higher refractive and dispersive power, may pro- 
duce re&action without color, and consequently form an miage 
free from the primary prismatic colors. It has been demonstrated 
mathematically, and the reader may convince himself of its 
truth by actually tracing the rays through the lenses^ that a 
convex and a concave lens will j&rm an achromatic combina- 
tion, or will give a colorless image, when their focal lengths 
are in the same proportion as their dispersive powers. That 
is, if the dispersive powers of crown and flint glass are as 0*60 
to 1, or 6 to 10; then an achromatic object glass could be 
formed by combining a cpnvex crown jglass lens of 6, or 60, or 
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OOO inches with a concave flint glass lens of 10, or 100, Cr 
1000 inches in focal length. 

But though such a combination would form an image free 
from color, it would not be free from spherical aberration, which 
can only be renibved by giving a proper proportion to tlie cur- 
vatures of the first and last surface, or the two outer surfiiees 
«rf the compound lens. Mr. Herschel has finmd that a douUe 
object g^asB will be nearly free from aberration, p^vided the 
radius of the exterior surface of the crown lens be 6*72, and 
of the flint 14-20, the focal leng[th of the combination beinff 
10*00, and the radii of the interior surfaces being computed 
•from these data by the formule given in elemental worKs on 
•optics, so as to make the focal fongths of the two glosses in 
Fig. 171. the direct ratio of their dispersive powers. Tha 
j^ ^ combmation is shown in fy, 171., whwe A B in 
the convex lens of crown glasB, placed aa the out 
side towards the object, and C D the concavo-con 
vex lens of flint glaas {4aced towards the eye 
The two inside suimces that come in contact aiV' 
so nearly of the same curvature that they may be 
ground on the same tool, and united together by i 
cement to prevent the loss of light at ttie two sur 
flices. 

In the double achromatic ojiiyect glasses con 
structed previous to the publication of Mr. Her 
schePs investigations, the surface of the concave 
lens next the eye was, we believe, always con- 
cave. 
Triple achromatic object glasses consist of three lens^ A B, 
CD,EF,^. 172., ABand E F being convex 
lenses of crown glass, and C D a double concave 
lens of flint glass. 

The object of using three lenses was to ob- 
tain a better correction c€ the ^herical abeira- 
tion ; but the greater complexity of their con- 
struction, the greater ri^ of imperfect centering, 
or of the axes of the three lenses not being m 
the same straight line, together with the loss of 
light at six surfaces, have been considered as 
more than compensating their advantages ; and 
they have accordingly £llen into disuse. 

xhe following were the radii of two triple 
achromatic object glasses, as constructed hj 
Dollond ! — 
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A B| or first Crown Lens. 

FIRST G&ISCT OL4SS. ^ SBOOND OBJICT CO^IS. 

Rsdii of first snrftoe» ... 28 inches 28 

- seeond snrfiice^ ..40-..-r-.. 35*5 

C D, or Flint Lens. 

Radii of first surface, . . . 20-9 2M 

second snr&ce, --28 25*75 

E F, or second Crown Lens. 

Radii of first surface, . - . 28*4 ..• 28 

second surface, - - 28*4 ----..-.28 

Focal length of the compound 

- lens, 46 inches 46*3 

In conseqaenee of the great difficulty of obtaining flint 
giass free from veins and imperfections, the largest achromatio 
object glasaee constructed in England did not greatly exceed 
4<or 5 inches in diameter. The neglect into which this im* 
portant branch of our national manufactures was allowed to 
fidl by the ignorance and supineness of the British government, 
stimulated foreigners to rival us in the manu&cture of achro- 
matic telescopes. M. Guinand of^ Brenetz, in Switzerland, 
and M. Fraunhofer, of Munich, successively devoted their 
minds to the subject of making large lenses of flint glass, and 
both of them succeeded. Before his death, M. Fraunhofer 
executed two telescopes with achromatic object 'glajsses of 9^ 
inches; and 12 inches in diameter ; and he iniSinned me that 
hiB'wbuld undertake to execute one 18 inches in* diameter. 
The flM'of these object glasses was for the magnificent aehro- 
i^atic telescone ordered by the emperor of Russia, for the' ob- 
sepvatorjr at Dorpat The object g]aa6 was a doii^le one, and 
its ibcal length was 25 feet ; it was iftoonted on a' raetoUic 
0land which weighed 5000 Rufiisian pounds. The telescope 
could be moved by the slightest force in any direetion, all the 
iMovable parts being balanced by counter weigfata It had four 
eye glasses, the lowest of which magnified 175> and the higii- 
c^ "^ times. Its price was 1300^., but it was Itberally given 
«t prime cost, or 050/. The object glass, 12 inches in diameter, 
Was made for the king of Bavaria, at the price of 27202. ; bat 
as it was not perfectly complete at the time of Fraonhofer'a 
death, we do not know that it is at present in use. In the 
hands of that able observer. Professor Struve, the teleseope of 
Borpat has already made many important discoveries in as* 
thjnomy. 

A French optieianj we- believe^ M; Lereboars^ ha8« more 
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recently executed two achromatic object glaases of glaas made 
by Guioand. One of them is nearly 12 inches in diameter, 
and another above 13 inches. The first of these object ^^uses 
was mounted as a telescope at the Royal Observatory ofParis ; 
and the French government had expended 500{. in the pur- 
chase of a stand for it, but had not the liberality to purchase 
the object glass, itself. Sir James South, our liberal and active 
countryman, saw the value of the two obiect glasses, and ac- 
quired them for his observatory at Kensington. 

ON ACHROMATIC EYEPIECES. 

(215.) Achromatic eyepieces when one lens only is wanted, 
may be composed of two or three lenses ezactJy on the same, 
principles as object glasses. Such eyepieces, however, are 
never used, because the color can be corrected in a superior 
manner, by a proper arrangement of single lenses of the same 
Jdnd of glass. This arrangement is shown in fig: 173., \dier6 
A B and C D are two planoKX>nvex lenses, A B being the one 

Fie. 173- 



JIM^ 



next the object glass, and C D the one next the eye, a ny of 
white light R A, proceeding from the achromatic object giasi^ 
will be refracted by A B at A, so that the red ray A r crosses 
the axis at r, and the violet ray A v at v. But these rays beinff 
intercepted by the second lens C D at tlie points m, n, at diS> 
ferent oistances from the axis, will suffer difierent degrees of 
refraction. The red ray mr suffering a greater refraction 
than the violet one n v, notwithstanding its inferior refran* 
gibility, so that the two rays will emerge parallel from the 
lens Cf D (and therefore be colorless) as shown at m r', m v'. 

When tibese two lenses are made of crown glass, they must 
be placed at a distance equal to half the sum of their focal 
lengths, or, what is more accurate, their distance must be 
equal to half the sum of the focal distance, of the eye glass 
C D, and the distance at which the field glass A B would form 
an imaee of the object glass of the telescope. This eyepiece 
is called the negative eyepiece. The stop or diaphragm must 
be placed half-way between the two lenses. The focS len^fth 
of an equivalent lens, qr one that has the same magnifying 
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Fig. 174. 



power as the eyepiece, is equal to twice the product of the 
fecal lengths of the two lenses divided hy the sum of the same 
nambe» 

An eyepiece neariy achromatic, called Ramsden^s Eyepiece^ 
and much used in transit instruments and telescopes with mi- 
crometers, is shown in fig, 174, where A B, CD, are two 

plano-convex lenses with their 
convex sides inwards. They 
have the same TocxX length, and 
are placed at a distance from 
each other, equal to two-thirds 
of the focal length of either. 
The focal length of an equiva- 
lent lens is equal to three-fourths 
the focal length of either lens. 
The use of this eyepiece is to 
give a flat field, or a distinct view of a system of wires placed 
at M N. This eye{Hece is not quite achromatic, and it might 
he rendered more so hy increasmg the distance of the lenses ; 
hut as this would require the wires at M N to he brought 
nearer A B, any particles of dust or imperfections in the lens 
A B would be seen magnified by the lens C D. 

The erecting achromatic eyepiece now in universal use in 
all achromatic telescopes for land objects is shown in fig. 175. 
It consists of four lenses, A^ C, D, B, placed as in the figure. 

Fig, 115, 





Mr. Coddington has shown, that if the focal len^s, reckoning 
from A, are as the numbers 3, 4, 4 and S, and the distances 
between them on the same scale 4, d, and 5*2, the radii, 
reckoning from the outer surface of A, should be thus :— 

27 



. J First sorfiice 
/ Second surface 
First surface 
Second surface 

First surface 
Second sur&ce 
First surface 
Second surface 



b5 



9 
4 



7 1 

2 > nearly plano-oonvez. 

(a meniscus. 

21 > nearly plano^onfex. 

24 > Double convex. 
2A 
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The ma^fnifying power c^ this eyepiece, as usually made, 
differs little from what would be produced by usbg the first 
or fourth lens done. I have shown, that the ma^ifying 
power of this eyepiece may be increased or diminShed by 
varying the distance between C and D, which even in common 
eyepieces of this kind may be done, as A and C are placed in 
one tube A C, and D and B in another tube D B, so that the 
latter can be drawn out of the general tube. In fig, 175., I 
have shown the eyepiece constructed in this way, and capable 
of having its two parts separated by a screw nut E, and rack. 
This contrivance for obtaining a variable magnifying power, 
and consequently of separating optically a pair of wires fixed 
before the eye glass^ I communicnied to Mr. Carey in 1805, 
and had one of the instruments constructed by Mr. Adie in 
1806. It is fully described in my TVeatise on Philosophical 
Instruments^ and has been more recently brought out as a new 
Invention by Dr. Kitchener, under the name of the Pancratie 
Eye Tvbe. 

Prism Telescope. 

(216.) In 1813, I showed that colorless refraction may be 
produced by combining two prisms of the same substance, and 
the experiments which led to this result were published in my 
Treatise on New Philosophical Instruments in 1813. The 
practical purposes to which this singular principle seemed to 
be applicable were the construction of an achromatic telescope 
with lenses of the same glass, and the construction of a 
Teinoscope, for extending or altering the lineal proportions of 
objects. 

If we take a prism, and hold its refractin&f edge downwards 
and horizontal, so as to see through it one of the panes of glass 
in a window, there will be found a position, namely, that in 
which the rays enter the prism and emerge from it at equal 
angles, as in ji^. 20., where the square pane of glass is of its 
natnrid size. If we turn the refracting edge towards the 
window, the pane will be extended or magnified in its length 
or vertical direction, while its breadth remains the same. If 
we now take the same prism and hold its redacting edge ver- 
tically, we shall find, by the same process, that the pane of 
glass is extended or magnified in breadth. If two such prisms, 
therefore, are combined in these positions, so as to magnify the 
same both in length and breadth, we have a telescope com- 
posed of two prisms, but unfortunately the objects are all 
highly fringed with the prismatic colors. We may correct 
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these cokn in three ways : 1st, We may make the prisms of 
a kind of glass which obstructs all the rays but those of one 
homogeneous color ; or, we may use a piece of the same glass 
to ab^rb the other rays when two common glass prisms are 
used : 2d, We may use achromatic prisms in place d* common 
prisms : or, dd, what is best of all for common purposes, we 
may place other two prisms exactly similar, but in reverse 
positions, or they may be placed as shown in fig. 176., which 
represents the prism telescope ; A B and A C being two prisms 

Fig. 176. 




of the same kind of glass, and of the same refracting angles, 
with their planes of refraction vertical, and £ D, £ F, other 
two peifectJy similar prisms, similarly placed, but with their 
planes of refraction horizontal. A ray of light, M a, (torn an 
object, M, enters the first prism, £ F, at a, emerges from the 
second prism, £ D, at 5, enters the third prism, A C, at c, 
emerges from the £>urth prism, A B, at c?, and enters the eye , 
at O. The object, M, is extended or magnified horizontally 
by each of the two prisms, £ F, £ D, and vertically by each 
of* the two prisms, A B, A C ; objects are magnified by loc^- 
in^through the prisms. 

- This instrument was made in Scotland by the writer of this 
Treatise, under the name of a Teinoscope^ and also by Dr. 
Blair, before it was proposed or executed by Professor Amici 
of Modena. Dr. Blair*s model is now before me, being com- 
posed of four prisms of plate glass with refracting angles oS 
about 15^. It was presented to me two years ago by lus son ; 
but as no account of it was ever published, Mr. Blair could not 
determine the date of its construction. 

In constructing this instrumeut, the perfect equality of the 
four prisms is not necessary. It will be sufficient if A B and 
D £ are equal, and A C and £ F, as the color of the one 
prism can be made to correct that of the other by a change i^ 
Its position. For the same reason it is not necessary that they 
be all made of the same kind of glass. 
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Achram&Hc Opera Glasses with Single Lenses, 

(217.) M. d'Alembert has long ago shown that an achromatic 
telescope may be constructed with a single object glass and a 
siiigle eye glass of difierent refractive and dispersive powers. 
To effect this, the eye glass must be concave, and be made of 
glass of a much higher dispersive power than that of which 
the object glass is made ; but the proposal was quite Utopian 
at the time it was suggested, as substances with a sufficient 
difierenc^ of dispersive power were not then known. Even 
now, the principle can be applied only to opera ^lasse& 

If we use an object glass of very low dispersive power, the 
refraction of the violet rays may be corrected by a concave 
eye lens of a high dispersive power, as will be seen by the 
foUowing table. 

'I of auMleor 



Crown gloss Flint glass 1) 

Water Oil of cassia 2 

Rock crystal Flint glass 2 

Rock crystal Oil of aniseaeed 3 

Crown glass Oil of cassia 3 

Rock crystal Oil of cassia 6 

Although all the rays are made to enter the eye parallel in 
these combinations, yet the correction of color is not satis- 
fitetory. 

Mr. Barlow's AchrefmaHo Telescope, 

(218.) In the year 1813 I discovered the remarkable dis- 
persive power of sulphuret of carbon, having found that it 
^ exceeds all fluid bodies in refractive power, surpassing even 
flint glass, topaz, and tourmaline ; and that in dispersive power 
it exceeds every fluid substance except oil of cassia, holding 
an intermediate place between phosphorus and balsam of tolu. 
^ * * Although ofl of cassia surpasses the sulphuret of car- 
bon in its power of dispersion, yet, from the yellow color with 
which it is tinged, it is greatly inferior to the latter as an op- 
tical fluid, unless in cases where a very thin concave lens is 
required. The extreme volatility of the sulphuret is undoubt- 
edly a disadvantage ; but as this volatility may be restrained, 
we have no hesitation in considering the siUphuret of carbon 
as a fluid of great value in optical researches, and which 
may be of incalculable service %n the construction of optical 
instruments^^ This anticipation has been realize by Mr. 

* On the Optical Properties of Salphnret of Carbon, in Edhiburgh TVant. 
vol. viii. p. 38.5. Feb. 7. 1814. 
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Barlow, who Ins employed siQpburet of cajimn as a sabstitiite' 
for ffiat g^Iass, in correcting the dispersion of the convex lens. 
It had been proposed^ and the experiment even tried, to place 
tbe concave lens between the convex one and its focus, for the 
purpose of correetmg the dispersion of the convex lens, with 
a lens of less diaineter, bat Mr. Barlow has the merit of hav- 
ingiirst carried this into efiect 

' The t^escope which he luis made on this principle, consists 
of a nngle object lens of plate ^lass, 7*6 inches in cleaf aper* 
tiire, with a fecal length <^ 78 mches. At the distance of ^ 
inches frcon this lens was placed a concave lens of solphuret 
of caibon, with a focal length of 69*6 inches, so that pandlel 
mys fitllin? on the convex {date lens, and convej^ring to its 
focos, woiud, when refhu:ted by the fluid concave lens, have 
their focus at the distance iof 104 inches from the fluid lens^ 
and 144 inches, or 12 feet, fixMn the plat^ glass len& The 
fluid is contamed between two meniscus cheeks, and a glass 
ring, so that the radius of the concave fluid lens is 144 inches 
towards the eye, and 56*4 towards the object lens. The fluid 
is put in at a high temperature, and the coutraction which it 
experiences in coding is said to keep every thing perfectly 
ti^ht No decomposition of the fluid has yet been observed. 
The great secondary spectrum which I found to exist in sul- 
phuret of carbon is approximately corrected by the distance oi 
the fluid lens from the object glass ; but we are persuaded that 
it is not free from secondary color. Mr. Coddington remarks, 
that the general course of an oblique pmicil is bent outward 
by the fluid lens, and the violet rays more than tbe red, so as 
to produce indistinctness; but we are not aware that this 
defect was observed in the instrument The tube of the tele- 
seope is 11 feet, and the eyepieces one foot ** The telescope," 
says Mr. Barlow, ^ bears a power of 700 on the closest double 
stars in 9outhV and HerscheFs catalogue^ although the field, 
is not then so bright as I could desire. Venus is beautifully 
white and well defined with a power of 120, but shows some 
color with 360. Saturn, with the 120 power* is a very bril* 
liant object, the double ring and belts bemg well and satisfac- 
tt»>Uy defined, and with tbe 960 power it is still very fine.*' 
Mr. Barlow remarks, also, that the telescope is not so com- 
petent to the opening of the close stars, as it is powerful ia 
bringing to light the more minute luminous points. 

Achromatic Solar Telescopes with single Lenses, 

(210.) An achromatic telescope fixr viewing the sun or any 
highly luminous object may be constructed by using a single 

2A2 



dhjeet^lHBof i^ategiUaB; uid liy maloii^ any one of the ej« 

gtoaies out of a piece of gkas which truisniitB only ham9g€ 
neouB light: or uie same unng may be efl^ted by a piece of 
plane glass of the same color ; but this iutroduces the erron 
of other two surlaoes. In such a construction it would he 
preferable to absorb aU the rays but the red ; and there are 
various substances by which this may be readily effected. Tb» 
object glass of this telescope, though thus rendered manodao- 
matic, wUl still be UaU^ to spherical aberration. But if the 
ladii oAhe leas are properly adjusted, the excess of solar light 
will permit us to duninisb the aperture, so as to render the 
spherical aberration almost imperceptible. Such a telescope 
when made of a great length, would, we are persuaded, be 
equal to any instrument that hiur vet been djjrected to the sun. 
If we oottld obtain a solid or a fluid which would absorb aU 
the other rays of the spectrum but the yeUoto, with aa little 
loss as there is in red gbuasesy a telescope of the preceding 
oonstniction would answer fi»r day objects, and for all the pur? 
poses of astronomy. If the art ^ giving lenses a hyperbolic 
&rm shall be brought to perfection, which we have no doubt 
win yet be done, the spherical aberration would disappear; 
ajad a ieleeoqie upon this principle would he the most perfect 
joi all inatrumeotB. 

Even by using red light only, a great improvement might 
be efi^ted in the common telescopes for day objects and ht 
astronomical purposea if the red rays^ for exam|3e« form ^Vth 
of white light, we have only to increase the area of the ape|w 
ture 10 times to make up con^letely fixr this defect of lisht 
The si^erical aberration is, no doubt, greatly increased &> : 
but if we consider that, when compaied to uie aberration of 
color, it is only as 1 to 1200, we can aflford tp increase it in 
order to gain so great an advantage. Common telescopesb 
indeed, may be considerably improved by applying oc^ored 
ghsaes, which absorb only the extreme rays of the spectrum, 
even though they do not produce an achromatic or homqge* 
neoCis image. 

These c&ervations are made fer the benefit of those who 
cannot afford expensive instruments, but who may yet wish to 
devote themselves to astronomical observations, with the ordi- 
nary instrumeii^ts which they may happen to possess. 

On the Improvement of imferfecdy oehromaHc Telescopes, 

(220.) There are many achromatic telescopes of consider- 
able size, in which the flint lens either over corrects or under 
corrects the colors of tJie crown glass lens. This defcct may 
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be Msilv removed by altering slightly the curvature of one or 
other of the lenses. Bat all achromatic telescopes whatever^ 
when made of crown and flint glass, exhibit thO' secondary 
colors, vis. the wtn&'colored and the green frin^fea These 
colors are not very strong ; and in many, if not m all case% 
we may destroy them by abaorpHon through flasses that will 
not w^en matly the intensity of the light The (glasses 
requisite for this purpose miist be found by actual ezpenment ; 
as the secondary tints^ though generally of the cdors we have 
mentioned, are variously compared, according to the nature of 
the glass of which the two lenses are made. 



APPENDIX OP THE AUTHOR, 



TABLES OP REFRACTIVE AND DISFERSTVE POWERS, &c 
Op DIFFERENT MEDIA. 



TABLE I. 
(Reftrnd lo from ?■(« 30.) 



RealsBrwtU 
Octoludrhe 




Hiirite of lead 

Blende 

niwpbonii fr2H 

Sulphur melted frl4S 

Glut— l<id i parti, 

Ipwt 
Otmet 

Rp^ _ _ 

MBS 



OUofca 
Baham of Tola . 

Gmiacum 

Oil of aniaewad . 

KockalV'.'.!!'.'.! 
Sugar melted 




p 

8 


ml-SMto... 
Dml'SSSto.. 




























































Fluid, mndncabl-m to. 


Gifaer axpuidad U thrice i 




: I^ 



1-49l> 
1-4SS 
1-475 
MTO 
l-ASt 
1434 
1-434 



mil tf tie S^ToetiBt Pemtri tg Qata. 



Va^^ «ll*<™t of 


1 1001830 
1O0II59 
-000^4 

-ooons 
-oooess 

■OB0644 
l-OOOSQS 

1-O0O491 
1-O0O449 


Caibinikaeid 


. -000449 
. 1-00D443 


iS^- ::;■.:::: 


Caibmicaiide ...... 

flhraoigaa 

Aaxe 


. -000340 






Sulphui^i^ 

Nilrouaoiide 

HTdrocvwiicadd 

hfiiriaticacM 


. <ioa»4 


^^^ 


s 







TABUS IL 

(Beftrred la (hm Pifc 31.) 

TUb if Ae Abntule R^/riietai Pamert ef Btditi. 



Cfyolito 

Fl^JJ" 














u^6^»f 


[l>ff7« 


CarboDieadd 


fified 


. -cm 


Chlarine 




. ■2807 








SSSto. :::■.:::■.: 


fcartwn ... 


, -4300 


































toS :::::::;:;:: 


Kal. 
(B«tendMltonF«f<».) 





b oriw to eoovav to Ae leader KOM idnof ttw nrifltr of dineraive 
tMWMiwhiAexlMmHilid and fluid lndieB,I)iBTegi*<DiheftiaowTis 
table, wleotad fioiB a miidi fcmw one, firaiided co obn>rralii»M nhicfr 
iBudeinlSllandiei&t 

Tba dm cdnmn conlaiia Aw difierence of (he mdkws oT rabaetian 
« red and violet iqn. or the pan of the nbole refisction 




1 0-139 

Sulphur after r™™ M30 0-149 

PhoBphonu 0-188 0-156 

Sulphupcl of csrbra 0-119 OOTl 

BalaBmoTTolu 0-103 0«5 

Bnleam of Feni 0093 O0S8 

• Bm HJiiurf a Jtrmtl i^ SCi«t>, No. HH. p. 308. 
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WM.tiht&km 



JBttliadoetakies 0065 OWB 

Oil of bitter almondB 0079 0O48 

Oilof aniaesoed 0077 0044 

Acetate of lend meUed 0OG9 0O40 

Balaamof Styiax 0067 0O39 

Giniacum 0066 0O41 

OUof cumin 0065 0033 

OiloftobacGO 0064 0OS5 

Gum ammoniac 0063 0097 

Oil of Barbadoei tar 0O62 003S 

OUof cloves 0O62 0093 

Oilof aanaftaa 0060 003S 

Rosin 0O67 0O38 

OUof sweet fiennel seeds <M»56 0028 

OUofspeanmnt 0O54 0O96 

Rocksait 0O53 0099 

Caoutchouc 0O52 0OS8 

Oilofpimento 0OS2 0O80 

Flintglasi OOfifi 0096 

OaoTangeUca 0O51 0095 

Oilofthyme OOSO 0094 

Oil of caiaww seeds 0O49 04»4 

FUntglas 0O48 0099 

GumOius 0O48 0098 

Oilofjuniper 0047 0099 

Nitricacid^ 0.045 0019 

Canadabalsam 0045 0091 

Cajeputoil 0O44 0091 

dlofrbodium 0O44 0099 

Oilofpoppy 0044 0092. 

Zircon, greatest re£ 0044 0O45 

Muriatic acid 0O43 0O16 

Gumcopol 0O43 0094 

Nutoil 0043 0099 

Oil of turpentine 0O49 0O90 

TeWspar 0O49 0O99 

Bakamcapivi 0041 0091 

Amber 0041 0O93 

Calcareowspar— gieatBit 0040 0097 

Oil of rape^eed 0O40 0O19 

Diamond 0O38 0056 

Oilof olives 0O38 0O18 

Gummastie 0O38 0099 

Oilofrue 0097 0016 

Beryl 0037 0088 

Ether 0087 OOW 

Selenite 0037 <M»0 

Alum 0036 0017 

Castoroil 0036 0018 

Crown glass, green 0035 0O90 

Gnmarabic 0036 0O18 

Water 0036 OOIS 

Citricacid 0O95 0019 

GlasBof Bomx 0O34 0018 
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ncoT 

oTBcft) 

Gtfnet « 0-691 (HSIS 

Chrywlite 0088 0082 

Ciownglafls 04)98 0018 

Oilofwine O^NIS 0018 

OlttMoTphamdborai 0<&1 OOlt 

Plate glM (yoaSi^ 0«17 

Salnhuric acid 0031 0<»4 

THimricacid 0030 0O16 

Niin, least re£ 0«» OO09 

Borax OUSO 0014 

AleoM 0009 0011 

Sulphate of banta 0089 OOll 

KoekciyEtal 0026 0O14 

BonxghH(lbor.2ulex) 0095 0014 

BtueaapphiM 0096 00^1 

Bluiihtopas 0025 0016 

Chrwobeiyl 0085 0019 

Blnetopaz 0094 0016 

Sulphate of ■trootia 0O24 0O15 

Ph^cackl 0987 0008 

Fluorniar 0029 OOIO 

dyolite 9089 0O07 



No. n. 

(Refenred t» horn Pafe 73.) 

The following table contains the results of several experiments which 
I made in the manner described in pp. 72, 73. The boaies at the top of 
the table have the least action upon g^n lisht, and those at the bottom 
of it the greatest The relative position of some of the substances ia 
empirical; but, bv referring to the original experiments in my Tretuite 
en New Philoiopaical Instntmenist p. 354., it will be seen i^ether or 
not the relative action of any two bodies upon green light has Itoen 
determined. 

ThXle tf TVwi J porfcirf BoeIms, m ikt oitfer tn rtUddi ikef exercise <fte 

leaai^utUm tqnn Chreen ligkU 



Oil or oamia* 

Sulphur. 

Sulphitfet of ouboiL 

Bdsam of Tola. 

Oil of bitter almonds. 

Oil of eniseseed. 

Oil of oiunin. 

Oil of sassafras. 

Oil of sweet fennel seeds. 

Oil of doves. 

Canada balsam. 

Oil of turpentine. 

Oil of poppy. 



Oil of speeimint 
Oil of caraway 
Oil of nutmeg. 
Oil of peppenoint. 
OO of castor. 
OumconaL 
DiamoDO. 
Initiate of potadL 
NutoiL 

Balsam of capivL 
Oil of rhodium. 
Flint glam. 
ZireoB. 



i 
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TdUe qf TranaparaU Bodies, ^c — coniiimed. 



on of olireB. 
CalcareouB spar. 
Rock salt 
Gumluniper. 
Oil of ahnonds. 
Crown glass. 
Gum arable 
Alcohol. 
Ether. 

Glass of boraiu 
Selenite. 
BeiyL 



Topaz. 
Fluor spar. 
Citric acid. 
Acetic acid. 
Muriatic acid. 
Nitric acid. 
Rock crystal. 
Ice. 

Water. 

Phosphorovs acid. 
Sulphuric acib. 



Na ffl. 

(Referred to firoui Psf e 80.) 
T\Me of ike Indices of Refraction of several Glasses and Fluids. 



MmUb. 



"l 



Water • 

SolQtion 
Fbtnh 

OaofTnr^) 
pentino $ 

Crown QIan 

Grown Gian 

Flint Glaa 

Flint Gha 



Sp0o« 
Gist. 



l-OOO 
I 



4161 



0-886 



2^66 1 

IS-TSS 

3*518 



ladtoea at Sefiractloo fbr ttie Screo IUy« ia tht Bpoctnua mnkad 
la Jig. W. with the (bnowiag Letten. 



B 
Bed nj. 



1-330835 



1*470496 



1*585632 

564774 

i'en749 

lr90O048 



c 

Bed lay. 



1'33I712 
1*400616 

1*471530 



1 

l-566e33 
l*e28ffil 
1*609800 



D 
Onnse. 



1-333577 
l*40e80& 

W74484 

1*529587 
l-5590r& 
1*635036 
1*606494 



Gk«b. 



1*335851 
1*^105682 

1*478353 

1*53300S 
1*563150 
1*642024 
1*614532 



F 
Blua. 



1*337818 
1*408082 

1*481736 

1-536052 
1*56^41 
1*648166 

1-eaxMS 



e 

iBdifo. 



1*341293 
1-412579 

1*488198 

1-541657 
1*573536 
1-660285 
1*690772 



H 

Tiolet. 



1*844177 
1*416386 

1*493874 

1*546566 
1*579470 
1*671062 
1*640373 
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NOTES 

THE AMERICAN EDITOR. 



NaL 

(Referred to fipom article 33.) 



If the remark of Mr. Herschei be admitted, the oonaequence may be 
dmwn in relation to all the simple gases, except oxygen, that their ab* 
solute refractive powers will be expressed by the square of the index 
of refraction, dimmished by unity: for in them, the specific gravity is 
directly proportional to the weight of the atom. Tne same remark 
applies to the vapors of simple bwiies, and to many compound gases. 

If the specific gravit3r, and weight of the atom, of hydn^en I^ c^led 
unity, the specific gravity dT nitroeen, chlorine, &c. will oe ex^H-essed 
by tne weight of the atom of each: hence the square of the index of 
refraction oiminished by unity, will be, by the process directed in article 
32, multiplied and divided l^ the same quantity. 

The inflammable substance hydrogen, instead of presenting a hifh 
mtrinsic refractive power, would occupy a low place on the sctue, whue 
chbhne would rank high upon it. Tnis consequence was observed by 
Mr. Herschei himself 

Nan. 

(Beferred to from, article 66, page 67.) 

This remaik in relation to the absorptive power of water, limig^ tree 
Ibr moderate diicknesses, in relati<m to the colored raya of the spee- 
tnmi, appears, by a recent discovery of Signor Mellmii, not to be true 
lb re^gara to the heating rays. An account of the intereeiing ezperi- 
iJaentiB which have estaUisned tids &ct, wiH be more in place, in 
tfomenan with the article which treats of ^ healing power of the 
spectrain. 

Nam. 

(Referred to from article 66, page 70.) 

This interesting analysis of the solar spectrum, by Sir David Brewstert 
wHI, piobaUy, have its value to the reader increased by a brief state- 
ment of the experiments fixHn which the results, given in pages 69 and 
70, were deduced. The matter of this note is tii&en fimn a paper, by 
Sir David Brewster, in the Edinburgh Journal of Science for Octo^r, 
1831.* 

1. The first position is that, ** red, yellow, and Hue lig^t exist at every 
point of the solar spectrum." The eye gives evidence of the existence 
of red light, io the red, orange, and violet spaces, which, together, coi»> 
lAStute more than half the length of the spectrum. If the blue and 

* And KUnburfk TVairr Vol. XII. Part. I. 
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indigo tpaoM be traoflmitted through olive oil, the light beoomei of • 
violet tint, isendering evident the red, previously existinff in the bin* 
and indigo, by abeorbing nys which had neutralized it In the yellow 
and green spaces the existence of red is proved by showing that white 
light may be detected in them. 

YdLow light is recognized by the eye in rather more than one-fiilh 
of the lengm of the spectrum, namely in the orange, yellow, and green 
spaces. It may be proved to be ivesent in the blue and indigo spaces 
uf many experiments, among which is the oqe abeady described, in 
which a violet tiilt is developed, by passing the spaces through olive 
oil : the tint absorbed by the oil cannot be red, beotuse violet, reddidi 
blue, is made to appear oy the transDusnon; it cannot be blue, iw blue 
taken fipom blue will not leave violet ; it is, then, yellow, which mixed 
with the red and blue had formed white light, at this part of the spec- 
trum. Farther, the spectrum examined through a deep olue glass, shows 
green in the blue space, and through a transparent wafer of gelatine, 
produces a whitish band in the same space. Yellow is shown to exist 
in the red space .by examining it through a prism oi port wine, the re- 
fracting angle of i^^ch is 9(P, and the whole of the red space assumes 
a yellowish tint by the absorption of the blue rays, by certain thicknesses 
oi pitch, balsam of Peru, &c. In the violet space, owing to the extreme 
facihty with which that color is absorbed, and the extreme fidntness of 
the rays, yellow light has not yet been detected. 

Blue liffht is perceptible to the eye through more than two-thirds of 
the length of the spectrum, that is in the green, blue, indigo, and violet 
spaces. The absorptive powers of pib^ balsam of Peru &c.,' diow 
^en light extending considerably within the red space ; and the blue 
is farther proved to be spread diroughout that space dv the yellow tinge 
which it assumes, when viewed through the media already alluded to; 
a tint which could <mly result fiom the absorption of blue rays. 

S. White light exists, at every point of the spectrum, and may be in- 
sulated by ab«>rbinff the excess en the colored rays at any point 

By a particular tnicknees of smalt-blue glass, the yellow space, the 
brigntest of the spectrum, becomes greenish white, ana, with a difierent 
Uue, reddish white. A mixture of red ink and sulj^iate of copper re- 
duces the yellow space to nearly a white, the tint oeing slighUy red 
when the ink is in excess, and green when there is too much of the 
solution of sulphate of copper. By particular methods, not described. 
Sir David Brewster states that he has succeeded in insulating white 
li^ in both the orange and green spaces. 

The curious property possessed uf this white lisht of not being de- 
composable by refraction, is a powerfiil support of the new tfaeoiy of 
the spectrum. 

By a principle of absorption applied to the heating rays of the solar 
spectrum, ana ^idiich will be described in a subsequent note, the exist- 
ence of a spectrum of heating rays, exceeding in length the three colored 
spectra, is proved, bringing a new analogy to bear upon this question. 

No. IV. 

(Seferred to from article 71, page 8SK.) 

Comparative experiments on the heat in different parts of the solar 
spectnun, require the most delicate instruments. The new branch of 
scienc<^ thermo-magnetism, furnished Signor Melloni with a much more 
sensible means of measurini; temperature than the common thermom- 
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compowd of ban of tdmiulh Bod anlimony. 

By Ihe aid of Ihii ■natnimenl, he found lh«l iLs he«I accampauying 
aievioleli[iaeeaflliea|i«c[rum,in>mBCniwaglBiB priim, wai uoi aiafi 
abanitied by pan water, while a Bnall panian cf Ibe haat in the iodini 
waa abaorbed, a greiU«i poitiiHi of Ihat in the blue, and n iiii thiuugh 
die oolond apaceaand into tb« inviaUe heatiii( lay* beyond the apefr 
■nun. ibe eiffema aft of which wan smtraljr abanbed- 

Ttii) raluiva dcpmaof heat in ibe apecnum flmnad by a crown 
^«H prim, nbich, aotraver, it muat b« Mcollected, bat aliawbed iba 
itft imatualljr, ia npnaenled bjr the annaiad diagiain, in which ibe 



ddimteBiSv, 6i,&c.,of the uppw curve represenl, neariy, die relative 

jracurea; the lengths of (he aidiaalea, and of coune ihe relative 

ee ofhinl. being eiprened by the DUiobeii written above ihem : ihiu 
lue Hinounl of heat in the middle of the space v, the ciijei ipace, compaf-ed 
with that in the middle of the Mueepace ^ is us 3 to 9 ; with the middle 
ef the red apace r, ae 3 to ^. The points marked 25, 12, Ac beyond die 
oobred space r, correapand lo tlie band«, in [he apecirum, having, re- 
■pecdvely, the rarae tempomtures as [he tniddln of Ihe yellow, at (he 
green, of the blue. &c By pes^ng the spectrum through a thicknesa 
vt lea than a twelflh of an mch d( vrater. contained between plalea 
of Ihin glam wi[h pantllel suriacefl and Iree from defeciA, me hea[]n£ 
powen of [he several rays became aa represented in ihe lower curve i 
none of the heal accompanying the violet rayi having been absorbed, 
a little of thai accompanymg ine bine, and so on increasing aa the re- 
fiangtbiliTy diminished. uniQ in the band. S. 0. having ihe eatne [em- 
pemture as the violet, all the heB[ing nyt were abaorbed, DiRerent 
media stopped the heating rays in iTifiercnt degrees, tboee of higher 
reCoctive powers penni[ting them to pass more readily thju thoae of 
lower pc 



heal lo vary, according lo tfie maierial of the prism used [a ibrm Ihe 
speclniin, being in the red when a prixm of crown glass was used, and 
in the yellow when water was Ihe re&ai^ting material. Melloni Riiind 
Ihe greatest heat in the oran^ after passing the spectrum Ibttned by 
the ciown glaB prism through water, as appears by the diagiem, in 
which the greateet heat in ihe red and yellow are SO, and in the oraiuc 
ia 21. Seebeck ibund Ihe point of greatest heat in the yellow, when uie 
warn con[ained water; a aufiicienllv □ear coincidence with Ihe ob- 
Mrvation of Melkmirif we consider [hat in the eiperunenis of Seebeck 
the raya were eipoaed to absorption by ^a glass fbrming the holtow 
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Mellon! to die abnrptkm by the crown glass prism iint, and then to 
that by two plates of glass and the water contained between them. 

The power of transmitting the heating mys without absorption 
being greater as the refractive power is ^ater, according to the taw 
before referred to, we shoald eipect that m flint glass the peatesl heat 
would lie farthest firom the yiolet end of the spectrum; m plate and 
crown glass, that it should be at a less distance from that end ; in sul- 
phuric acid and oil of turpentine still less ; in alcohol and water yei 
nearer to the violet end : and these deductions we find, by consulting 
the table on page 8SS, to be correct Minute differences, which could not 
be detected by the instruments used by Seebeck and others, in the points 
of sreatest heat as given by that table, will probably hereafler appear. 

The experiments discussed in this note authorize the addition of a 
fourth spectrum to the three colored spectra represented in fg. 51., 
namely, a heating spectrum containing rays whicn are less refiangible 
than the extreme red rays of the spectrum. 



NaV. 

(Referred to firom page 116.) 

The imdulatory hjrpothesis re^nresents in so simple a manner the phe- 
nomena to which Dr. Young applied his principle of interference, that 
I have been induced to refer to it here, with a view to a general expla- 
nation of the h3rpothesis. The reader will be better satisfied if he take 
up the sulpect, as brieflly referred to in the 84th article of the text, be- 
fore entenng upon the account to be given in this note. As stated in 
that article, the hypothesis of undulations supposes all space, the pIane^ 
aiy spaces as weU as the interstices between the particles of oodies, 
to be occupied by an elastic medium, or ether, which is put in a state 
of vibratory motion by luminous bodies, and in which impulses are 
propagated according to the same mechanical laws, as the impulses 
which, communicated to air, produce sound. 

If we suppose a luminous point surrounded by this elastic medium, 
the particles immediately about the point have a vibratory motion im- 
pressed upon them, or a motion to wad fro ; this they communicate to 
the adjacent particles, and thus a wave is formed, which spreads about 
the point as a centre, just as the waves formed by a stone, thrown into 
still water, spread around the point at which the stone struck the sur- 
&ce. As these waves would communicate to a floating body which they 
might meet, an impulse in a direction radiating from the point where 
they originated, so luminous waves striking the retina, give the sensa- 
tion of ught in a similar direction. 

In the annexed diagram, let A B, No. 1, represent one of the directions 
m which the impulse given by a luminous body, is propagated ; we shall 
find, acconling to the h3rpothe6is, along that line particles of the elastic 
medium, or ether, having all rates of motion, from rest, or when the mo- 
tion is nothing, to the greatest rapidity of the vibration ; and in the two 
opposite directions, from A towards B, and from B towards A. For example, 
let the particles at A, D, and C, be at rest, then if from A to D we find 
particles moving towards B, their \|plocities, or rates of motion, will be 
round increasing between A and a', mid-way from" A to D, and then de 
creasing between a' and D; between D and C the vibration will be in the 
contrary dircction, namely, from B towards A ; and the velocities after 
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mcraanng to V, -will diminish to C. The distance between A and C includes 
oil velocities from nothing to the greatest, and in the two opposite dirao 
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tions A Band B A ; the same would be trae of C B, if made equal to AC: 
this distance A C, or C B, is called the length of a wave, and it is this which 
m red light is 256 ten millionths, and in violet light 174 ten millionths, 
of an inch (see page 119, text.) To represent to the eve the velocities 
of the different particles of edier between A and D, me curve A a D 
is described, in which the ordinates, or lines in the same direction as 
a' a, represent these velocities, as, jR)r example, a' a the velocity at a' ; 
tne particles between D and C vibrating in a contrary direction, the 
curve D 6 C, representing their velocities, is traced on the side of the 
Ime A B opposite to A a D. In the same way the velocities between C 
and E, and between E and B, are shown by similar curves, on opposite 
sides of A B. Let No. 2. represent a system of waves in whicn the 
lengths M P and P O are equal to A D and D C, and let the motion 
between M and P coincide in direction with that between A and D, the 
curves of velocities M m P and A a D coinciding, and the motion be- 
tween P and O with that between D and C, the curves P p C and D 5 C 
coinciding; then it is plain that the motion of the particles between OQ, 
C E, and Q N, E B, <S&c. will be the same, or that the undulations will 
coincide throughout ; one undulation will, therefore, add to the efiect 
of the other, and the light will be the united light produced by the 
two undulations. The same will be true whether the point M coincides 
with A, with C, or with B, &c. ; that is, whether the lengths of the patiis 
of the two rays A B and M N are exactly equal, or differ by one, two, or 
more undulations. If the rays, instead of movins in the same direction, 
meet under a small angle, the remarks will still apply ; and the first 
result, stated on page 115, text, is in accordance with the hypothesis, 
under consideration, namely, that bright spots, illuminated by the sum 
of the two lights, will be formed when the differences in the lengths 
of the paths of the rays, are rf, (A C,) 2 rf, (A B,) 3 rf, <Sltc. 

Next let the curves described in No. 3 represent the velocities in 
another system of undulations, S V and V U being equal to A D and BC 
m No. 1, the particles of the ether between S and V, as shown by tfie 
curve, being in a state of vibration from T towards S, those between V 
and U from S towards T, and so on. If the ray S T in No. 3 were InDusht 
to coincide with A B in No. 1, the point S being placed at A, Uie 
particles between S and V in No. 3 moving in opposite directions from 
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tboie between A widD, and tfaoie between V and U in Qipftmit date: 
tioDS fiom those between D and C, and their velocities being 'suppoBfid 
equal, their motions would destroy each other, and the wave would be 
destroyed, or darkneas would result. Tbepath S T difien fiom A B bv 
the distance S V, or half an undulation. 'The same would be die result 
if Na 3 began one undulation to the left hand of S, or two or more un- 
dulations, that is if the path ST, No. 3, differed finm AB, No. 1, Ir^ one 
and a haU^ two and a half, &c undulationa As the sane consequences 
would follow, if the rays ST and A B met under a small anglb, we infer 
(page 115, text) that when the di^rence in the leiu^ of the paths, 
of the two pencils of rays, ia^d (AJ)),UdiA £), 2^ cCdcc, ** uistead of 
addixig to one another's intensity, th^ aestroy each other and prodace 
a dark spot" 

No. VI. 

(Referred to from page 120.) 

Professor Hare has observed, in relation to the tianslucaicy of oold 
leaf; — *'(jlold leaf transmits a greenish light, but it is questionaue, 
if it be truly tianducent. Placed on glass, and viewed by txanamitted 
ligiU, it appears like a retina. It is enwieously spoken of as a continuoua 
superficies." The nature of the process by wnich gold is reduced to 
leaves, strengthens this oondusicHi. 

On examining gold leaf by the solar microscope, I find in it innumer- 
able rents, and also various gradationB of thickness ; the rents have 
their edges colored, a blue' fringe appearing on one side, and a reddish 
brown on the opposite side ; the thicKest parts trananit no light, and 
through the very thin perls a delicategreen light is transmitted. The 
sor&ce thus exhibited is very beautiful. The rents are visible to the 
naked eye, when the leaf is very strongly illuminated. 

No. VII. 

(Referred to firom page 237.) 

The following cla8sificati(»i of colored bodies is alluded to in die text^ 
as ffiven by Sir David Brewster, in the life of Newton. The colors of- 
eaca of the classes require, in his view, to be explained upon difierent 
princij^es. 

1. ** TnMMparent colored fluids, transparent colored gems, transparent 
colored glasses, colored powders, and the colors of the loaves and flowers 
of plants." 

Tlie colors of these bodies are derived from the absorption of particu- 
lar colored rays: thus, water at great depths appears red by transmitted 
liglU, owing to the absorption of the blue and yellow raj's which with 
the red constituted white light ; certain thicknesses of smalt-blue glasi 
appear intensely blue by transmitted light, while at greater thicknesses 
the glass appears red. In the case of opaque and colored bodies, as in 
the leaves of plants, we are to suppose certain rays to be absorbed by 
the indefinitely thin film through which the rays reflected from any 
surface may be supposed to pass, the raraplementary tint being reflectea ; 
as all tlie incident licht is not reflected, the transmitted tint will be com- 
plemeniary to the colors absorbed, "and thus the body will appear of the 
same color by bodi reflected and transmitted light. Colored po^Hlers 
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woixl4 Kem not always to belong to this class, since many of them 
change tibeir hues with a change \p. the size of the particles. 

2. ** Oxidations on metals, colors of Labrador feldspar, colors of precious 
and hydrophanous opal and other opalescences, the colors of the feathers 
of birds, of the wings of insects, and of the soUes oi fishes." 

To these the Newtonian theory is strictly applicable. 

3. ** Superficial colors, as those of motner-of-pearl and striated sur- 
faces." 

i. ** Opalescences and colors in/ composite crystals having double re- 
fraction.^ 

5. ** Colors from the absorption of common and polarized li^t, by 
doubly refracting crystals." 

6. <* Colors at Uie surfaces of media of diflferent dispersive powers." 

7. *< Colors at the sur&ces of media in which the reflectmg forces 
extend to di£^rent distances, or follow diiSerent laws." 

Na Vra. 

(Referred to from page 251.) 

The nhilosophic toy called by its inventor, Dr. Paris, the thaumatrope, 
or wonaer-tumer, illustrates very perfectly ^e &ct of the dunUioo of 
impressions on the retina. 

On one side of the card, represented in the diagram, is drawn a cbariol 




and horses, and on the opposite side the charioteer; on causing the card 
to revolve by turning the string C and D between the thumb and fore- 
finger of each hand, the chanoteer appears in the act of driving the 
chariot, as in the figure. It requires but little skill to give to the card, 
exactly the motion, which shall perfectly unite the two objects on the 
opposite sides into one picture, and yet not render it confused fay the 
rapidity of the turning Many amusing illustrations accompany the toy ; 
for example, Harlequm and Columbine are painted upon opposite sides, 
aiul by a turn of the card are seen to join in a dance : royalty, strip])ed 
of its robes, occupies one side of the card, and the robes ibe opposite, 
the robes are donned by a turn : a potter seated at his wheel moulding 
the unformed clay, occupies one side of the card, and an urn is grasped 
by an arm on the reverse; on turning, the urn appears grasped by ths 
potter's arm, the foot of the vase being yet unfinisned. 
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Na iX. 

(Referred to from page 961.) 

Referring to his new analysis of the solar spectrum, Sir David Bkewi- 
ter advances ' the ^Uowing hypothesis to account for certain of the 
cases just detailed.* 

*'By means of this analysis we are now able to explain the nhe- 
nomenon observed by those who are insensible to particular co^s. 
^ (Edin. Joum. Sc. Na aIX. old series. No. IX, new series.) T^e eyes 
of such pemns are blind to red iiirht ; and when we abstract all the 
red rays from a spectrum constituted as alreadyt described, there will be 
left two colon, wue and veflowt the only colon which are recoenized by 
those who have this defect of vision. To such eves, light is alwavt 
seen in the red space; but diis arises fiom the eye oeing sensible to tM 
ydlow and blue rays, which are mixed with the red Ufht. 

Hence blue light will be seen in the place of the t»Me^ and a greenish 
ydtow will appear in the orange and j-ed spaces, or, which is ue ^ame 
thing, the spectrum will consist only of the yeQow and the blue spectra. 
The physiological fact, and the optical fffinciple, are therefore in perfect 
•ocoraanoe; and while the latter gives a precise explanatinft of the 
former, the former yields to the laoer a new and an unexpected tui^ 
porL" 

The details of the cases lefovred to^ fuUjr sustain this conclusion. 
There are other circumstances connected with them, and with othen 
described in the text, p^ge 260, not unworthv of. notice. 

In the seaHod of the cases described in the Journal of Science, Na 
XIX althouffh the individual never failed to detect a full blue or a 
fidl yellow, he seems to have had very imperfect ideas of those colors 
when presented in a state of mixture ; green, as such, he did not toiow, 
and wnen blue was diluted with yellow, forming; what to a good eye 
would appear yellowish green, the blue tint escaj^ed him, and the mix* 
ture appeared yellow. In like manner, his discrimination of yellow, 
when mixed with blue, was veiy defective ; he called grass green 
yellow, and 3ret yeUcihiih green appeared to be '^ yellow with a good 
deal of blue in it/' This remark may serve to exiuain why the same 
white seen at different times, appeared to him to va^ in its tint, at one 
time being white, at another ** white with a dash of\yellow and blue,*' 
at another '* white with yellow and blue in if when requested to 
arrange colon so as to produce the strongest contrasts, he divided them 
into two classes, to one of which he gave the name of bluer and to the 
other yetlouK In these contrastB he invariably placed v.'hiteiimong the 
blues, and was never perpl Aed, as in the preoeaing( examinatioiis, wh«a 
tasUng himself as to the pneise ifoades. That ti^te should be daawd 
l^ him as blue, appean consistem with the other observations, for 
being blind to red hofat the tint of white should be that which appeal* 
when red is removed irom the s p tf o tr u m or a bfaiish green, vrbim tint 
be saw as a bfue. 

In examining other cases we shall find r ea so n to be satisfied that tfaie 
hlindnesi extends to light of other ookne than red, and that m those 
CMOS also there is a want cf diserimsnatkm between shades in mixturee 
of the colon to which the eye is sensible. The Plymouth tailor, whose 

• XAuhurgk 7Vaiw. Vol. XII. Part. I., or JBdim. Jwmaltf Msnm, No. Z. 
•MW series, 
t Bee text, p. flOi 
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H deieribed by Mr. Harvey (lee page 260, text), aeeins not to have 

been entirely blina to rod light, and to have been in a meanire blind 
to blue; thua the nriamatic spectrum appeared to oonsiat entirely of 
yefloio, and Hgbt btue ; the red, orange, and yellow apaoee appearing 
as if red had been withdrawn from them, wmle the full blue, the in- 
digo and violet were light blue, and dark blue and indigo stuffi ap- 
peared to be black, and crimaon was either Uue or Uack. A darti sreen 
ne resarded as ftroion, by which, since he was blind to red light, he 
must nave meant a shade of black, and light green as mange, by 
which, lor the reason just stated, he meant a variety of yellow. The 
blue in both these mixtures escaped his perception. 

An extreme case seems to have occurred in the vision of Mr. Harris, 
of Allonby, who, according to the statement of Mr. Huddart, could 
only distinffuish Nock fiom toftife, or was entirely Uind to colors. 

it is mudi to be desired, for the elucidation of this curious subject, 
that mora well exam^oed cases w«Pe on record. The colors of the 
spectrum afibrd rigid testis not to be fbimd in colored* stufis ; and by 
■uch tests 01^, the miautia of peculiarities of vision can be aatisftc- 
torily deteimiiied. 
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ADVERTISEMENT. 



Thb object of the following Appendix is to place in 
tha hands of the students of our Colleges, a text-book 
which will furnish them with some of the analytical 
methods of the most recent writers, upon the elements of 
Optics. 

*rhe work of Sir David Brewster is from the pen of a 
master, and presents, in a popular form, the results which 
have flowed firom experiment and from theory, applied to 
the investigation of the different branches of Optics* The 
Appendix merely aims at supplying to the student the 
mode of determining the results given in the text, more 
particularly in what relates to Reflexion and Refraction* 

It may not be amiss to state, that I do not present, to 
the notice of instructers, an untried course, but that most 
of the propositions in the following pages have entered 
into the mathematical portion of the course, taught to 
the Senior Class of the University of Pennsylvania. 

The works in which the full development of these 
subjects may be found, and which have been consulted 
in the composition of the Appendix, are Coddington's 
Optics, Coddington on Reflexion and Refiraction, Lloyd's 
Treatise on Light and Vision. The more advanced 
student will find the subject treated by the most general 
methods in Herschel's Treatise on Light. 

A. D. BACHE. 

Pbiladilphia, Jubrckt 183a 
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CHAP. I. 

REFLEXION BY SPHERICAL AND PLANE MIRRORfi* 

(1.) In considering fhe cases of reflexion &om spherieal or plane 
surfaces, two divisions will be made : in the first, the axis c^ the 
incident pencil will be supposed perpendicular to the surface of the 
mirror, in the second, oblique to it ; in the first case the pencil is 
termed direct^ in the second, oblique, 

(2.) Prop. I. 7b determine the form given by reflexion to a smaU 
direct pencil of lights proceeding from a point in the axi$ of a 
mirror* 

Cask 1. In fl^. 8., p. 18 of the text, let A represent the radiant 
point of a pencil at diverging rays, F its focus, and C the centre 
of a concave mirror. Call AV s u, PD s= o, and CD s=s r. Tbo 
angle of reflexion FMC being equal to the angle of incidence 
AMC, the line CM bisects the vertical angle of the triangle AMF: 
whence (Legendre*s Geom«, Book III., Art 201., or EucUd, VI. 3.) 

AC : AM:: FC : FM, or 

AC _ FC 

AM FM 

' The pencil being, by supposition, very small, the pobt Jf is very 
near to D^ hence for the apfvoximate value of AM we may take 
AD^ and for that of FM^ FD, The equation just found becomes 

AC _FC 

AD FD ' 

By liie BoCalieo adopted above AC » AD -^ CD « w^frWad 
FC^CD — FD = r — v, We have therefore 

tt — r r — V ' 

= , or 



u 



1 — — =s 1 whence 

u V 



* Throughout the Appendix, the student is lapposed to be acquainted 
vrith the corresponding chapters in the body of the work. 
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irn^mg by r and tnuuipofluig 

-i-+J_=J. (.) 

« o r 

(3.) Cask 3. We next proceed to the caie in which a eonoerging 
pencil falls upon a concave mirror. ' Fig. 10^ p, 20 of the text 

AM, AN representing the two extreme rajs of the pencil, codp 
verging to A\ the imagrinarj radiant poin^ MF and NF are the 
reflected rays. The ramus UM therefore bisects the angle AMF, 
the outward angle of the triangle A'MF, and (Enc VI. A.) 

A'C FC 



AM FM 

but lor A'M and FM we may substitato A'D and FD, their ap- 
proximate values, whence 

A'C __ FC 

AD FD ' 

• Using the notation before employed, AD ss u, FD = v, and 
DC sBs r, whence AC s u -f. r, and FC « r — tt ; these valoei 
substitated in the equation just found give. 



« + »•- 


r — 1 


D 

— . or. 


tt 


V 


— , VA, 


1+^= 


r 


•1 and 


-4-+4= 


"" r 





(b) 
(4) Comparing equation (b) with (a) we find that it di£^ fiom 

it only in the sign of — which is positive in (a) and negative in 

tt 

(b); both these cases may, therefore, be represented by the same 

equation, if we agree to give the positive sign to the distance of 

tbs radiant point for diverging rays, negative for oonvereing rays; 

that is, if we consider the distance (u) positive, when the radiant 

point is in firont of the mirror, negative when it is behind the 

mirror. 

I^then,lk.tt represents the distance of the radiant point fiiim the 

mirror, vnll denote the degree of divergency or convergenqr 

±tt 
of the incident rays. In like manner, — win represent the oon- 

vergency of the reflected rays. From equations (a) and (b) 

— 4-— =z — 

JC u V r 
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where r is a constant quantity ; a result which may be thus ex 
pressed : the dwergency (or convergent/) of the incident ray to» 
geiher toUh the conoergeney of the reflected rays is a conatant 
fuantUy for the edme mirror. The curvature of the mirror is 

measured by — , the reciprocal of the radius. 

r 

(5.) Case 3. Diverging rays fiJling upon a convex mirror. Fig» 13., 
p. 21, text 

The line Cilf, bisects the outward angle of the triangle AMF, 
whence (Euc. YI. A.) 

AC FC ^^ 

= , or 

AM FM 

substituting their approximate. values for AM and FM, 

AC _ FC 

AD '" FD' 
and by the notation adopted in the cases already considered, 

1±L = 1=1 , whence 

U V 

J 1 2_ . . 

u V r 

On comparing this equation, in which we have made — posi- 

u 

tive as it oorresponds to a real radiant, with (a), we perceive that 

1 2 

the signs of both and — are different From the figure we 

V r 

observe that v corresponds to an imaginary fbcus, and that the ra> 
dius is now behind the mirror. Equation (a) may, then, be used 
to represent this case if the sign of the radius be cbanffed ; the re. 
sultinff negative value of the focal distance corccsponiM to a ibcus 
behind the mirror. 

(6.) Case 4. Converging rays fiilling upon a convex mirror. The 
fonnula for this case may be deduced from flg. 13., if B JIf and 
BNhe made to represent the incident, and MAf NA the reflected 
rays. We should have by proceeding as in the last case, 

FC _ A€^ ^j 

FM am' 

FC _ AC 

FD " AD* 

and since FD ^u, F being the imaginary radiant point, and 
AD » V, A being the fecus; FC a r-~«, and ilCa r + « 
whence 
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r— a r 4- » 



or 



tt 



_J. + J-=_A (d) 

. u V r 

the fint temi beixifi' made negative to oorreBpond to the case of 
canverging rays. This formida differs &om (c) in the sign of 

L , which was negative in (c), and in that of _ . The figom 

9 U 

shows that v in this latter case corresponds to a real ibcua, while 
in .the former — v denoted the distance to an imaginary fix^os. 

The change of sign in _ oonforms to the remarks made io 

tt 

article (4) 

(7.) Comparing the four equations (a) (b) (c) and (d), we per 
ceive that the finmula 

± + ± = ± a) 

u 9 r 

maybe made to indnde them all»by attributing to «, and r, respec- 
tively, the positive sign when the radiant point or the centre is in 
front of the mirror, the negative sign when uther of these points 
is behind the mirror, and by considering the positive value of e as 
corresponding to a focus in ftont of the mirror, its negative value 
to one behind it 

(8.) We might have commenced by giving to the student this 
conventional mode of considering the quantities used in the an- 
alysis, and then have deduced the general equation by reference to 
a single diagram : we have prefen^ in the outset to show him that 
the variations in the algebraic signs are not arbitrary, but required 
by the geometrical relations of the qnantitiet. 

From the Ibrmnla 

± + ±^± (1) 

tt e r 

we deduce the general rule, that the sttm of the 9ergenciuf^ tf tk* 
inddewt and reflected pencils i» a congtont qmntkaf. 

(9.) I](aving obtained an equation (1) expressing the relation be 
tween the disfainces of the radiant point and ftcus of a small pencil 
by means of the radius of the mirror, we shall proceed to interpret 
it in its Implication to different kinds of mirrors, and under different 
circumstances of the incident pencil 

*Tliis ooBvcnient term, exprsMins, ai the case maf be, either divefireiicjr 
Off eoavtiyency^ is prepoied and iwed by Uoyd in tail TreaUae on Light and 
Vision. 
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Prof. II. ?b deUrmine the form given to a wmali pencU of ny$ (y 
reflexion from a plane mirror, 

9 

In the plane mirror the radius is infinite, or — ss o * whence 

r 
from (I), 

— - + — = (2), or, 

Vss — «. 

The &COB and radiant point are at equal distances from the 
mirror, bat on opposite sides of it 

(10.) If^raZIeiraysiallupontheminor ttBootandoa— OD, 
or the reflected rays are paralleL This corresponds to the caM 
represented in Jig. 4, p. 15, text. 

(U.) If the rays diverge before reflenon, the fiurmnla 

V u 

fhowB that they win be eqoally diTcrgent after nAtadan; and 

VSM — u 

that the focus is as fkr behind the mirror as the radiant point is m 
front of it Fig. 5., p. 15, text 

(12^) For converging lays (Jig, 6., p. 16^ text,) te takes the xnpg^ 
tive sign, and (9) becomes ' * 

4- — == (3X whence, 

u V 

— = -L 

V 11 

• s tt. 

The nffn of v being positive the feoos is rea], ite dktanoe v m 
fitmt of the mirror is equal to the distance of the imaginary ra- 
diant point behind it 

(13.) Prop. III. Beflexion of a »maU pencU of light hy a eoncavo 
mirror. 

The ibrmnla which applies to this case is,., 

» 4. 1 _ » fl) 

u V r 

By transposition 

I _ 2 1 __ 2ttT ^ 

V r u iir * * 

ur 
V s= s . 

B ^ 
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Thif T&lue of v gives the rule on page 19 of the text 

(14) When the rays ore parallel — ■■ o . And 

— = — « or, 

. V r 

The sign of v being positiTe shows that the focus is in front ol 
the mirror, and its value JL , that the &cal distance is half ths 

radins. This is represented in Jig, 7^ p. 17, of the text, where 

The focus of parallel n^ys is called the principal focus. As it 
serves as a point of comparison for the foci of other rays, we shall 

o 
represent its distance by a symbol, /. Placing for » its value 

JL , formuhi (1) becomes 

J_ + 2.= ! (4). 

u V f 

(15.) Tlie next case to be considered is that of <2teer^i^ rayi. 
In this, u is positive and the formula is 

1 = -7- (4), whence, 

u V J 

J^ _ J 1^ 

V f u 

As long as tt > /, or tlie point A in Jig, R, p. 17, is fkrthcr 

than the principal fiicus from D, we have — < .«—, and JL 

1 » / / 

— .^ is a positive quantity, or the rays converge aflsr re- 

flexbn. Smce ^ .»_<--*, we have ^ < JL , and 

e > /, or the Ibcas is fiulher fhun the mirror tban the principal 
fccus. 

If we suppose, besides, that A is beyond the centre C, we have 

« > r, and — < — , whence -i L,or_ — >H 

u r f u r u r 

«. — , or > — , and — > — , or « << r, the focal distance 

r r V r 

IS less than the radius. 



,or. 



_ \ 
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We infer, then, that ray» diverging from a point beyond the 
centre of the mirror, are reflected to a point between the [iriucii>al 
locus and the centre. 

As — diminishes in value, — evidently must increase, or, 

as u increases, v diminishes, and vice versa: that is, as the radiant 
point recedes &om the mirror the focus approaches it, and vice 
versa. When the radiant point becomes infinitely distant, the rays 
are parallel, and their ftcos is the principal focus. 

We have seen that as long as the radiant point is farther from 
the mirror than its centre (that is, u > r) tlie focus cannot coincide 
with that centre (or e < r) which it approaches. If u «s r, or the 
radiant point coincides with the centre, tfien 

1 _ j_ L — ^ L — JL 

» / r r r r 

» = r, I 

and the rays are roflected to the centre. 

Let the radiant point now pass the centre towards the principal 

fecus, that is, let tt < r, and at the same time u > /, or — > - 

u r 

and — < — . Since JL < JL , JL L is still a positive 

u f ^ f f tt 

quantity; the rays are, tliercfbre, still brought to a fiicus: but 

shice — > — , Ji L. or — L<J-, whence 

u r f u r u r 

11 

^ ^ — and e > r ; that is, the focus lies beyond tlie centre. 

« r 

When the radiant point coincides with tlie principal focus uasf 

wlicnce, — s= -— - , and — = - ^ = o, or t a oo 

« / V f u 

the rays are rendered |iarallel by reflexion. 
If we suppose the radiant point to approach still nearer to the 

mirror, so that n </, we have — > -?- i whence -— L is 

u f f u 

negative; that is, J. has a negative sign, or the ibeus is 

Imaginary, the rays diverging afler reflexion. The divergency 
of the roflected rdys is less than that of the incident rays, 

iarJLsi ^(2 -i-\ , and i ^^< L, tho di* 

varganey btfbre reflexion. 
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(M.) Fo^ the caie of cowgeryiiy rays felling i^miii a concave mir. 
for (Jig, 9^ p. 19, text,) we make, in fiunnula (4), y ne^^te ; wbenoe, 

J L= ^ (5), or, 

V u f 

The agn4 of the quantities on the right>hand aide of tfaiB equa- 
tion being both positive, — is alwayi poeitive* Conver|m.| rays 

V 

fure, therefiire, always brought to a fxnfi. Moreover, smce — + -^ 
> — , -L > _ , or the ooDvergflOoy is greater alter, than he* 

tt 9 tt 

ibre, reflexioiL Since ..^ ^- — > — t — > — end « </, 

u f f 9 f 

whence the ibcns of ooDver^:ing rajs is nearer the mirror than the 
principal fi)cns. 

Bobslitiitfaigt ineqinthm (5) for JL « ito lalae ^ , and jtoine 
podng — , we have 

9 r tt 

whence the value of v is 

Stt + r 
agreeing with Ibe rale on p. 5M of the tejcL 

|[17.) Prop. III. Reflexion of a tmaU pencil of •'ays 5y a eonoea 
mwfot't 

In this case, r, the radius of the mirror, takes the negat Ve sigi^ 
and equation (1) becomes 

J^ ^ J_ ^ _± (g), 

tt 9 r 

(18.) FatparaUel rays (Jig, 11., p. 21, ^xt,) — =0, wbfinct 

12 r 

-= •oress — — . 

t r 2 

The focvm b behind the mirror, and at the distance, from tiie 
ve^x, of half the radius. 

If we call the principal focal distance /, the formula fiir the 
flexion bj a coovex mirror becomes 

-L + -L = -4 (7). 

u V f 
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(19.) For diverging rtiys {Jig, 12., p* 91,) we have 

V f u \f u f 

■nd therefore — ie always negative ; such ra ya diverge after re- 

flexion, and aiaoe --. -| >_,or_>^ , tbcir di. 

f u u V u 

vergenry ia increaacd by the reflexion. 

(23.) Figure 12. will, as has already been stated, represent the 
ease of converging rays falling upon a convex nJrror, if we sup- 
pose BMt and BNto represent the incident rays, meeting in the 

iiDi^nary radiant point F. To express this case analytic^JIy, s 
must be made negative, and the formula is 

— — — = — — T- {p)% or, 

V U J 

111 



The position of tlie focus, as shown by this equation, passes 
tlirouffh variations, corresponding to tiiose m tlie case of diverging 
rays falling upon a concave mirror (Art lo.). 

(21.) It is sometimes convenient to re'er the distance of the ra. 
diant point and fcjctits to the centre of the mirror, instead of to the 
vertex. Formula (1) may be readily transformed into one which 
shall refer to the centre. 

Paor. IV. To determine the relation of the distance of the focus and 
radiant pointy of a email pencil of lays, from the centre of a 
mirror. 

By /g' % p- 18t text, it appears thot AD s ^C + CD, and 
FD^CD— CF. CoBne AC « u' and FC s o', CD, as be 
fore, 8 r, AD ss ti, and FD ss o ; wc have u &=: u' -|- r, and 
o s= r — ©'. 

Substituting these values of u and v in the equation 

Jl U = (1), it becomes 

u V r 

1,1 2 

-t- ; = » 



m' + r r — »' r 

r ' r 



.»' 



Bft 



vf + r r — rf 



if" 
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Brinj^og to a oooiinon denominator the quantitiM on both lidee 
of the eqoalioii, and reducing, we have, 

r — V tt -j. r 
r — ^ tt' 4- r 

L^i=A (9). 

(23.) This equation is the same m form with the one fbimd 
when the dirtanoes were eetimated from the Tertoc, exe^ dwi 
the sign of u' is negative, the distaneee ^ nA yd beiag wm 
reckoned in opposite curectionB. 

ESqnation (9) might hare been deduced directly £mn the relatioD 
ol'the lines AM^ FM, iiC, CF^ fig, 8^ in fhe triangle AMF. The 
sdation of the question by that metiiodv would £i¥e been more 
simpJet 

CS^) If we subst^ute for JL , in equation (9), Its valoe ~ t wf 

r J 

have 

4-v=| <■* 

From this equation, may be deduced the relation expressed id 
the following proposition. 

(34.) Ytior. V. Th€ distance of the principal focus of a mirror from 
the centre^ is a mean proportunud hetvoeen the distances of the 
radiant point and focus of any small pencH, from the prineipai 
focus. 

Equation (10) gives, 



d' / ^ tt' "" fu' • 

/tt' 
-' — •' 71 whencf, 



or. 



f-ff'.fiifif-\r< 
In which proportion / — ^ r cprea c nts FO {fig* 8., p. 18, text,) or 
CO -- CF, and v! ^ f AO ot AC + C0. 

(25.) The subject o f rc fl ca rion ot'^urved snrfaeee in general, will 
DC treated briefly in a sulTsequent chapter. 'TIic properties of the 
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iur fio feet ftrmed by th« revolution of the parabola and eOipae about 
their axes, are readily uoderstood, from very nmpto geometrical 
considerations, and gain nothing by being presented analytically. 
They will, however, he referred to in another part of this Appendix. 

(36.) We pass next to the reflexion of a small oblique pencil by 
ft spherical mirror, on which subject two propositions will be 
given ; in the first will be considered the case in which the axis 
of the pencil does not .cross that of the mirror, and the pencil falls 
upon the mirror near to the vertex, and in the second, w case in 
which t^e axis of the pencil crosses that of the mirror. 

^7.) Prof. VI. A maaU pencil having Ua radiant point out of ike 
axis of a mirror^ meets the outface near the vertex, required the 
form if the reflected pencil. 

Fig, A. 

K 




liet LMN represent a section of the mirror, made by a plane 
passing through the lines JtfJ? and MC, or through the axis of th^ 
pencil and the centre of the mirror. RL is an extreme ray of the 
pencil incident very near to JIf, LF is the eerreepondmg reflected 
ray, meeting the reflected ray MF, which corresponds to the axis 
of the pencu, in the point F, F is the fecus of the pencil LRN, 
in the plane of the section RMC. 

(28.) To determine the fi)cus of rays which meet the mirror in 
a plane perpendicular to RMC ; suppose a plane to pass through 
RM at right angles to that of the figure, this plane vrill cut from 
the pencil, RLNy two rays, which reflected will meet the axis, JIfF, 
of the reflected pencil, in the focas required. If^ now, a plane be 
passed through one of the incident rays, just described, and the 
corresponding reflected ray, it will pass through the cenlare of the 
mirror ; the Ime RC^ joimng the radiant point and centre, will be, 
therefore, its intersection with the plane RMC containing the axis 
of the incident and of the reflected pencil ; and the point, F\ in 
which RC produced meets MF, will be the point in which the sup- 
posed plane meets MF, that is, the focus of the reflected pencil. < 

The focus, of the reflected pencil, in any plane between RMC 
and the one at right angles to it,* will be found between F and F' 

♦Coddington terms thf» former of these planes the primarjf plane, the 
alter, the seeondarg plane. 
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(39.) To determine, anUytically, the poeitkni of the point Fi 
draw from the vertex M, MX and MZ perpendicular, retpectively, 
tar RL and LF; also from C, CP and CQ perpendicular, respec- 
tively, to RM and MF. As the arc IJH is very amall, it may be con- 
Bidered a straight line perpendiculaj to the radius CL; whence the 
incident and reflected rays making equal angles with CL, also make 
equal angles with LM, and the triangles LMX and LMZ are 
•imilar. Sut they have the side LM common, hence they are equal, 
and MX is equal to MZ, The two triangles CPM and VQM being 
also equal, CP is equal to CQ,' And since CT and CS may be 
considered as perpendicular to RL and LF^ they may be taken aa 
equal. WhenoePTss Q/S, By the similar triangles jRi'T and iUMJ^ 

RP : RM:: PT : MX; 

•nd by the similar triangles FMZ and FQ/St 

Q/S : MZ:: FQ : FM; 

whence, since PT= Q/S, and MX^ MZ, 

RP : RM :: FQ : FM (e). 

Let RM== tt, MFzs e, Cjlf » r, and the angle RMC » f . 

Then, 

RP s RM--- MP = RM-- CM . oos RMC, or, 

RP Bs u — r COS ^ ; and 

flQ r= JtTQ — itfF » MC . cos CMF---MF, or, 

J^ s= r. ens ^ — V, 

By substitutmg, in the proportion (e) above, for RP, and FQ^ 
the values just found, and for RM, and FM, u, and o, we have 

tt — r. oos ^ : u : : r. cos ^ — e : o, or, 

« — r. cos r. cos ^ — v. -m -j- • 
= 1 . Dividing by r. 



J- —2^=: £2!i-_ J_, and 
r tt V r 

COS0 , cos ^ 2 

tt r 

whence, 

ur 



^coM^_2_ ^^^^ 



2u 



cos 
(30.) To interpret equation (11) geometrically, we should ob. 

serve that the ratio oCMX to RM, that is, { ^^.\ , measures the 

divergency of tlie incident pencil LRN. But in the triangle MXL, 
MX^ ML . COP LMX, and since the angles XMR and LMC 
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are nearly right angles, LMX is nearly equal to AflfC, or MXs=» 

ML. COB ^. ^ therefore varies with iSli , whicli, conse. 

RM u 

quently measures the vergency of the incident rays. In like 

mapiier, Z ejcpreffies the Yergextcy of the rejQected pencil 



V 



We infer, then, fh>m (11), that the $vm cf the ^vergencUs rftke 
inciderU and reflected pencils is a constant quantiUf, 

If ss 0, or the rays proceed from a point in the axiSf eos 
^ Bs 1, and formula (11) becomes ^ 

1.1 9 

-r- 'i *-• -^ — ^ I 
tt • r 

agreeing with equation (1). 

If the rays are jwraKeZ, .^^ ;= a, and 

tt 

<^f^ ^ «r 

9 r 

• — -^ • eos ^. 

(31.) To find 4ie nos><4ou of the point P\ for the plane perpen- 
diadar to RMCt we have, in the triangle iZiuO, 

MC I MR : : sm MRC : sin MCR, or, 

f^tng (he Ang)6 RCD, 0, whence MRC =:$^f, 

r ; u : sin (0 — ^) : sin 9, 

r sin (tf — ^) 

tt sin 

4ttd» Igr fuhstitciting for sin (B — ^) its value, 

t sin 9 cos ^ — COB 0. sin 

tt sin B 

If JIfF' be called v', we may deduce from the triangle CMP 
by a method similar to that just used, 

Jl^rinJL±i).or, 
1/ sin© 

r sin 0. cos ^ 4- cos 0. sin ^ 

^ 8in0 

ler U16 vfuuBB louua lof' ■ 
dttdi^r, we find. 



mm ^ 

Adding together the values fi>und for — » and , and le- 

tt tf 



— + -l.=:2.cos#,or, 

tt o 
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JL + -L = ?l25i (12). 

u »' r 

Sinoe 22Lt representi the Tergency of the inddent raji, and 

^^^ that of the reflected rays, it is evident, fiom (13), that the 

v! 
■um of theae quantities, fiv the incident and reflected rajra, in the 
secondary plane, is not constant for the same mirror, but depends 
upon the angle, ^, of inclination of the axis of the pencil, to the 
axis of the mirror. 

(32.) Prop. VII. A irnaU oblique pencU ero—es the axU befon 
meeting the mirror , required the form of the reflected fendL 

Fig.B, 




In the figure, R is the radiant point, RL the axis of a small 
pencil, of which one of the extreme rays is RN; MC is the axis 
of the mirror, which is cut by RL at the point D. F is the focus 
of the reflected pencil in the plane RMC, F' (found as in the 
last proposition) is the focus in the plane perpendicular to RMC, 
In this propOHition must be found, besides the distances LF and 
LF\ the point Y, at which LF cuts the axis, and the relation of the 
angle L YM to the angle LDMs which latter angle is given. 

Call, as in article (29.), RL z= u, LF = w, LF' ^r/,CLzsiri 
al8oletiiry==z,MZ>=:6. 

Since CL bisects the angle DLY, we have, 

YL : DL ♦: YC : DC, 

or, taking for YL and DL, the distances YM and DM, which art 
nearly equal to them, 

YM : DM:: YC i DC, that is, 

z I b :: r — x t b — r, or, 

,or, 

^ ,and 



r—^x — 

~ T 

I i^_ 2^^ 

X r r 
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(13). 



An eqaation from which z may be determined. 

The approximate value of the ande LYM. may be obtained by 
•apposmg that the tangents of LYA and LDitf are to each other 
at the dictances YM. and Dilf, or, 



tan y 
tanZ> 






% 
T 



The distances £F and LF' will be given, as be&rp, by tht 
equations 



cos^ , cos ^ 



2 

r 



1 1 _^ 2. COB» 



(U), and 
...(12). 



CHAP. n. 

FORMATION OF IMAGES BY REFLEXION. 

33.) In discussing the subject of the fisrmation of images by 
reflexion, the surface of the mirror will be assumed to be spherical, 
and the most usefiil case will be solved ; namely, that of a plane 
perpendicular to the axis of the mirror. The objects, of which 
images are to be formed by mirrors, when not plane, are generally 
of irregular forms, and the images can be found, only, by points. 

Psor. VIIL 7b determine the image of a plane, perpendicular to 
the axie of a mirror, 

Flg,0 




In the figure, let MN be the intersection of the plane constituting 
the object, with a plane passing tlurough the axis of the mirror. It is 
evident that if a small pencil of rays be supposed to proceed from 
each point of MN^ and the several foci of the pencils be detsr- 
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mined, the aesemU^fe of the points thus found win give the 
image. From M and N, through C, the centre of the mirror, draw 
MB and NA^ the axes of two pencils of ra^s from JIf and N<, and 
upon which, therefore, the foci of the pencils will be found Let 
the focus of the pencil, of which MB is the axis, be at m. 

By our former notation, (art 21.), MC ss u', Cm bs t/, and CB 
sas r. Call CEf the distance of the object from the centre of tht 
mirror, d ; and the angle MCE, e : then, since 

CE ^ CM . 006 MCE, 
dts&u\ eos 0, or, 
d 



u' 



COS 9 



The ffeneral formula, for the relation of the distance of the ra- 
diant point, and of flie fbeus, from the centre, wia, art. (23.), 

J. -± 4. J- 
and, mbetituting the value of u', just found, 

lr^^ + ^ a*)- 

The pdar equation of a conic section, the focus being the pole, 
is (Yooiig's Analyt Geom., Chap. V.) 

r= jl-J-=l!!_,or, 
J 4- e . cos » 

1 ^ . 



r i4(l — e«) ' i4(l— ««) 

This equation wffl be identical with (14), if weettppoee JL sss 

11 1 « ^ A a 

i;''ii(l — O /'^cl — e^) d' 

The image of the line MN is, therefore, a porti«p of a come tee- 
tUm, tf which C, tkt centre of the mirror, it one of Ae foci, 

(34.) Since/-:.l(l-.0—i([(l«-j^y=i£!, (Analyt 

Greom.) the semi-parameter of the conic section; and / is constant, 
it follows that the radius of curvature at the vertex of the conic 
section, which is equal to the semi-parameter, is independent of 
the distance of the object from the centre of the mirror. 

(35.) We proceed to examine the variation in the figure of the 
conic section just fomnd, when the distance of the obJMt from the 
nirrvr vrirNB. 
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First, let the object be infmitelj distant Then, =r 0, and 

= 0, that is, e 8SS 0, and the image is a portion of a 



A (1 — e») 

12 r 
circle^ corresponding to the equation^ _ -= , or, t/ = . 

v' r 2 

The radius of the circle is half that of the mirror. 

As the object is brought nearer to the mirror, d diminishes, or 

•J increases ; but, _ s= f , and, since A (l — e^) ss/^ 

a d A{1 — e^) 

or is constant, e must vary as — , and, therefore, increases. As 

long as (2 > /, or — ^ -__ , 1 ^ , at e 

< 1, and the image is a portion of an eUip$e, 

When <2 a=/, e s 1, and the curve is a parahda. For ^ </, 
e > 1, and the curve becomes a branch of a hyperbola. 

If d ss 0, or the object passes through the centre of the minor, 

^ = 00 , and e is infinite, or the image is a atraight lirUy coin- 
d 

ciding with the object 

When the object passes the centre, towards the mirror, d be* 
comes negative, and the equation (14) changes, if we reckon from 
GC,to 

This equation gives a hyperbola while <2 </, a parabola when 
<2 s=/, an ellipse when d> f. 

Each of these cases presents curious circumstances. For ex- 
ample, in the case, d </, if a point be taken in the object, so that 

u'ss/, that is, = /, the equation for the focal distance of 

cos e 

the pencil proceeding from that point, is 

1 , 

— - = 0, »' = 00 ; 

V 

the image is infinitely remote from the mirror. If we suppose the 
object to be sufficiently extended to cut the mirror, the point com- 
mon to the object and mirror is its own image, and for that point 
u' = r, and 0= r ; between tlie points for which u' ss r and u' = 
/, the distance of the image has varied from r to infinity, and, 
therefore, that portion of the object which is between these Umits, 
has a virtual image, the part of each branch of which, between 
V* wmT and the vertex, is wanting. 
Q 
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The part of the object between u' ss d and u' ss /, has iti image 
beyond the centre; it ie the branch of a hyperbola oonjiigate to 
the first. 

(36.) If the aectioB of the object be an arc eonomtrte inth tiw 
mirror, u' ia constant, and 

^ f ^ 

IB oonrtant, or the image is also a circnlar arc oanoentric with the 
mirror. In this case, the relative magnitudes of the object anil 
mage are as their distances- firom the eentre <}f the mhror. 

(37.) We have considered a section of the object, of the image, 
■ad of the mirror, made by a plane passing tmough the axis of 
the mirror ; if these sections be supposed to revolve about the com- 
mon axis, the section of the object will generate a plane, and that 
of the mirror, and of the imagCt sorfaces of revolution correspond- 
ing to the sections. 

(38b) The case of a convex mirror is embraced by e^uatioa (14), 

For th« plane iww% r mm, oo^, and — «» 0^ wfaeoM^ 

r 

J. = 51? (16), 

^ d 

and the image U aimUar to ihe. object. 



REFRACTION. 



CHAP. UL 

REFRACTION BY PRISMS AND LEN9ES. 

(38^) The iB0itsimpI«camQfthe nefhictitm of light, is thai in 
which it takes place at a plane surface. The perpendicular being 
drawn, the refiticted ray is «o«meeted wiA the incident, by the law 
(p. 29, text,) that the sine of the angle of refraction bears a constant 
ratio, for a given medium, ta the sin» of the angle of incidence. 
To represent this law analytically, suppose a ray passing fix>m a 
ftatr to a denser niedkim, eaJl the angle of incidence f, &d angle 
of refraction ^\ and let the sign of incidence be to that of refrac- 
tion, as m is to 1, when tn will represent the index of refraction of 
the denser medium, that of the rarer medium being unity; wo 
have 

sin ^ : sin ^' : : m : 1, or, 

sin a m . sin ^' ..... (17). 
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Wben the ny pafWB fh»m a denaer to u mer nieditim, f' repsr 
•enti ihe angle of indftence, and ^ that of refrastion. 

If the angles ^ and ^' be very small, they may be taken instead 
of their sinea, in which case, 

^ SB 111 • • 

(4(X) The diflforcnoe between the angles of iocideniM and reBrto* 
lion is termed the deviaUan of the rajr, fixr a single sarfiMB. WJkbh 
the angles are very small, we have, ror the devialiftn, 

^ — . ^' «s m^' — ^' a= (m — 1) ^', 

^-^'«-^^-i^ (18). 

fit 

^e deviation, therefore, when the angle of incidence is small, 
bears a constant ratio to that angle. 

(41.) The case of the total rtJUxwn of a ray moving in a denser 
medium, and arriving at the separating surface of the denser and 
of a rarer medium, (pp. 34, 35, text), is comprehended in equa- 
tion (17). The ray passing firom a denser to a rarer medium, if 4! 
be taken to represent the angle of incidence, and ^ that of refrac 
tkm, m will remain greater than unity, the angles being, as before, 
eennected by the equation 

m . sin 0' = sin ^ (17). 

In this equation, since sin can never exceed unity, m sin ^' 

cannot exceed unity, whence sin ^' cannot exceed , (in which 

m 

case, m . sin ^' s 1,) or, the equation cannot be satisfied if sin ^* 

> — . The ray then ceases to be refracted; it is wholly re- 
m 

fleeted. 

The angle, at which, light, passing through a denser medium, 
and meeting the separating surface of Uie denser and of a 
rarer medium, ceases to be refracted, is fbund from the equation 

1 "^ 

sin 0' = .. . If the denser medium be glass, and the rarer, air, 

sm ^' = _L = A , whence, ^ ^ AV> 48'. 
m 3 

(42.) The i^nomena of reflexion might be derived, analytically, 
from those of refraction, by considering that the angle of reflexion 
is measured with the same perpendicular as that of refiraction, or, 
is the supplement of that measured by ^', (see Ujt, fig, 23., p. 35), 
and that the angles of incidence and reflexion are equal, but on 
opposite sides of the perpendicular ; so that, in the case of re- 
flexion, sin ^ =s — sin 0', or, m s — 1. 
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(43.) Pbot. IX. 7b determine the eoune of a wngU ray^ or of a * 
rnnaU pencil of rays, refracted by a primn, {Fig. 20^ p. 32^ 
text) 

Let the angle, HRM, of incidence, upon the first sor&ce, be 
called ; /T/Z^T, the corresponding angle of rcfracticm, ^' ; H'RN^ 
the angle of incidence on the second sur&ce, ^' ; n!Rb\ the angle 
of emergence from the prism, ^ ; the angle, it, of the prism, a. 
The angles, RAR^ ARR, and ARR, together, are equal to two 
riffht angles: bat XRJT » 9(K> _ 0', and ARR z:^ 9(y> ^ tf/ 
whence, 

a + (90 — O 4- (SO — xp') = 180, or, 

a as ^' 4- »(,' (19). 

The angle of total deviation, DEH, is equal to the sum of the 
partial deyiations, ERR and ERR, that is, calling the deyia- 
tion J, 

a aa ^ — ^' -f ,^ — ,^', or, 

a = + if — (0' H- ^'), or, 
6ssf ^ xf,"^a (20). 

This value of the deviation contains the given angles f and «, 
and the angle if, which maj be found by means of the rebtiona of 
0« ^\ ^\ sn<l ^'f *> given by the following equations : 

sin ^ ss m . sin ^' (17), 

'f'^a-^' '..(19). 

sin if s m . sin tf ' (IT^)* 

(44.) If we suppose the angles very small, we have, from (17), 

ss m^', whence, 

^— ^'-s(m — 1)^'. 
Also, from (IT), 

if = iiiif ', 

if — if' as (in — 1) if', and 

J = ^ — ^' -I- If — ^'=:(m — 1)(^'4. if); 

but (19) gives 

^' -f ' if ss a, whence, 

i = (m — l).a (21), 

a value depending only upon the refractive power of the material 
of the prism, and upon its refracting angle. 

(45.) There are two other cases in which the deviation, as given 
hj equations (20), (17), (17'), and (19), assumes a somewhat 
simple form. These we shall consider, in order. 
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(46.) Prop. X. T» find the detiaHon ofu ray, w tf a mudl pencU 
of ray8t incident perpendicularly on one of the mtfaceB of a 
prism. 

When the incidence upon the first surface is perpendicular, ^ =■ 
0, and ^' as 0, and equation (20) becomes, 

and (19), 

^' s= a, whence, 

Ain^'sm.fiin t//assm .untt; 

but firom the Yahie just found for S, we have, 

^> 9B a ^ i, whence, 

«m(a^^^m.sma (93): 

'from which equation, S becomes known when a and m are |^ven; 

_ sin (a -f ^) 

m = 1 f 

sin a 

may be found by determining i and a. lliis is one method of 
determining the refractive poioer of a aubstance. Another method 
is furnished by the next proposition. 

(47.) Prop. XI. To determine the deviation of a ray, or4f u jUmO 
pencil of rays, when the angles of incidence ana emergence are 
equal* {Fig. 20., p. 32, text.) 

By the condition of the question ^ «■» i/', and since, fiom (17), 

.f sin 6 jt i .tj fdn\p 
sm == — I , and sm v^ = — I , 

m m 

tin ^' n tin ^', or, 0' *» xft\ 

Equation (19),^ve«, 

2i^'«a,or,0'» A, 

and from (20), by making ^ = t/^, 

ass20~a,a2id^s: ^ "^ ^ . 
Substituting these values for <f> and ^' in (17), it becomes 

«m -i- (a + «) « « • «fl 4" • ^^^^' 

an equation from which S may be determined when a and m are 
given. 

By transmitting light through a prism so that ^ =s V't we have 
a method of measuring the r^nuAive power of the substance of 
which it is composed, ffg[% 
C2 
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sin i (a ^ ^ ^ ffi . sin i a, whence, 

SID i a 

The equality of the angles of incidence and emergence may be 
ascertained, by measurement, with the instrument which has been 
devised for this purpose, or by the use of the proposition which 
ix^ws. 

(48.) Prop. XII. J%e anaie$ i^ incidence and emergence, of a ruff 
piueing tknugk a prtem, are equal, when the deviation is a 
minimum. 

The proposition requires the deviation to be a minimum. We 
therefore find its value, differentiate it, and put the difierential oc^ 
efficient equal to zero. The value of the deviation, fi^xm equatioii 
(20), is, 

the di£S»ential of which, a being constant, is, 

diss d^ ^ <i>l,' whence, 

d^ <^ * 

Equation (19), is 

by the diffinvntiation of which, we obtain 

dyh _ 
W 
From equation (17), by a similar process, we have, 
J . sin ^ ss m . <2 sin ^', or, 
cos . <f ^ s m . cos 0' . d4>\ or, 

d^^m. ?S!Li' . d^\ 
cos 

In like manner, we obtain, by differentiating (170, 

COS >it 

Dividing the second of these equations by the first, 

d^Xi ' ooe ^ . cos -V d^ 

-—. = Z-. . _-> , or, smce 

d^ cos 0'. cos >!/ d^' 
dV _^ 
d^' ^' 

d'h cos . cos "4/' 

d^ 009 ^' . COS ^ 



SubalitutlaKthu value fia .^Z- in the value of _ Grand 
above, it becomeB, 



This value found liir tfas difierential 
made equal to zero^ whence, 



an equation which i> ntisfied if f = '4', or t&c angla afineidenet 
and tmtrgnet an tguoL The method of uong thii propoaitiim 
ia dsKribed in art. 35, pp. 33, 34, of the text 

R^rnclion by Leiuei. 



dentn^ 

leit, the correction lor tMckness will 
be introduced, and, laitly, under the title of Ahenation of Lentti, 
the case of a pencil of enj magnitude will be conaidered. Refrac- 
tioQ throngih ajdiereB and parallel plane anrftces, will be deduced 
ftmn a Goiutderatiau of the general caae. 

(50.) Paor. Xllf. To determine the eourie of an ind^mteli/ mall 
pencil ef Toyi, paming from a rarer to a denter nwif>i«n, (Arouf A 
a rpimeol tarfaet. 



Let £ be the ladiaot point of a amall pencil, of which EV'm 
the aria, and ER the eitreme raj ; the nj ER, passing into the 
denser medimn, will be re&acled towards the perpendicular, CR, 
making the angle mRX leu than ERC, and in such a proportion 
that nn ERC : nn tnRM ; : m : 1, n reprcKntiDg the index of 
nfraeUon of the denaei medium, that of the rarer medium being 
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Cdl EWsM tt, FFs: u\ CFatt r. In the tmnijrle, £RC, we 
baye, 

£* "~ am jBCH ' 

and in FRC, 

FC gin FRC 

FR^BiaFCR 

DiTiding the fint of these eqaatiooB by the Mcondt 

MC FR sin ERC ^^ . ^^ % 

. . = . , ana smoe 

MR FC mFRC 
Bin ERC ssztn.iAn mRM s m . sin FRC^ 

EC FR 

• • — — = fli* 

ER FC 

The pencil of my a being very imaO, the point R is veiy near to 
T", and for FR and Fi{ we may take their approadinaie valiiee 
MV and FV, whence, £0 = JEF— CF= » — r, and PC — 
i^y •— V BB «' — r. Substituting these values of EC and J'C, 
and the values of ER and f jR fi>r those lines in the equation joet 
found, it becomes 



= m, or, 
tt tt — r 

HiZZT = m . ** ^^ ; and, dividing by r, 
tt tt 

.^ = , or, by transposition, 

r tt r tt 

J5. — \1 = 5nl (26). 

tt' tt r 

(51.) This formula may be adapted to all eases of a raaall pencil 
incident upon a spherical surface, by a conventional mode of con- 
sidering the algebraic signs, of the different quantities involved in 
it Let us, as in reflexion, consider u, u\ and r, essentially poau 
tive when the radiant point, the focus, and centre, arc, respectively, 
in front oi the lens, negative in the contrary case. 

The positive sign of u' will, then, correspond to an itn^tginary, 
or virtual^ focus ; and the negative sign, to a real focus, ^is it 
is important to the student to recollect, since the reverse has been 
the case in reflexion. 

It would iiardly be useful to discnss tbe vnriations df formiila 
(86), by changes in the ^vantities coneemed in it, sinee we nmsl 
consider, in refraction by lenses, the action of two surfaces. 
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(52.) Prop. XIV. To determine the cournt of a BtnaU pencil of rav9 
falling umm a len$; the radiant point of the pencu being in Ae 
axie of tne Una. 

Fif.E, 




Let ER^ as befiire, be the extreme ray of the penci], EV the 
axis of the pencfl and of the lens, J2Jlf the ray refracted at the first 
sarfaoe, CR the radius of that snr&ce, M the pomt in which RM 
meets the second surfiu», CM the radios of the second surftce 
drawn to the iwint M, Prodacing MR until it meets the axis, F 
is the virtual rocus of rays refracted by the first surface. Since 
the refraction at ilf is mm a denser to a rarer medium, the ray 
is refracted from the perpendicular, taking the direction MNt which, 
prolonged until it intersects the axis, gives F' for the virtual focus 
of the pencil refracted by the lens. 

Keeping the notation of the last proposition EVssi u, FVbs u , 
CVsa r, and the equation for refraction at Uie first sur&oe is, (26), 

tn 1 III -^ 1 /c%c\ 

u u r 

The equation for the refraction at the second sorfiice may be m- 
ferred from (26),' or may be obtained directly, by proceeding in the 
triangles FMC and F'mC^ as was done, m the last proposition, 
in ERC and FRC. Thus, 

FCr _ ^nFMa j^ FV^ _ sin F'MC 
FM nnFCM' F'M an F'CM' 

and, by division, 

FC F'M _ sm FMC _ 1 
FM' F'C onF'Ma m ' 

Call FF, the thickness of the lens, « ; jP'F, » ; CF, r ; then 
Fr = tt'-f t,FC=tt' + « — /, and F'C'=» — /. These 
values being substituted, in the equation just found, instead of FM^ 
F'M, &C., we have, ^ 

!!Lt£li::.«=J_. whence. 
vf ^ t p — / m 
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J! L =s: m . ^ — ^ , or, 

o tt'4- « 

l^il=m/i !^\; 

dividiDg by /« and ooUectiiig the tenns, 

1 m __ 1 — m . 

"» tt'-f I "^ f* ' 

m being freater than tmity, the «ign of the aeeoMl member u 
really negative, and aa It wiH be oonrenient to show this, we 
change me form of thiit member, and the equation becomes, 

J_ «. ^ = _ ilLlli (27). 

Hiie is the general equation between »', e, /, <, and m, which, 
txxnbined with (26^ wiH determine « in terms of u, r« r', 4, 4md m^ 
all of which are gtiten quantities. 

(53.) If the t&idfcfKM of the lens is so small that it may 1m 
fMgieetetl, equtition 027) becomes, 

JL r= -L + !imi , whence, 
u^ «* r 

J 1 m->^l _ _ t>t^l ^y 

-^ L=(m-1) (J 1^\ (28)/ 

Since — j represents the divergency^ or convergency, of the 

incident pencil, and — that of the re&acted pencil, we deduce, 

from (28), ^at the iafferenat ^ the vtrgendes of (he refracted and 
incidetit peneUa ie a constant quantity jor the same lens. 

This formula applies to the difierent cases of the incident pencil 
and lens, as in the single suHace (art, 51), if we consider the dis- 
tances of the radiant point, focus, and eentre, jiogitive when in 
front of the lens, and negative in the contrary case. The same 
wmark applies to the general equations (26) and (27). 

(54.) In most of the cases which occur in practice, the thielt> 
ness of the lens may be neglected, and, therefore, equation (28) is 
applicable to them ; in all cases this equation determines an ap- 
proximate value of the focal distance, to which a cocxectioii ^ the 
thickness of the lens may be, conrenitntly, applied. 
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ffl 



(55.) To obtaii^this correction for thkknesa, expand 

V -\- t 

in equation (27), into a. series, by division. 






If the thickness of the lens is not v^ gnat compared with the 

distance of the p<»nt jP, the powers of -_ , higher than the first, 

u 
inay be neg^cted, and we have, 

m _^ •» w* 
Snbetitnting tins value ftr —5. in (27), It becomes, 

or siibstitatiBg fer -^ its value finm (26), 

tt 

_1 1 m — 1 , wrt m — 1 

e tt r »'* / * 

bj transpottng and collecting the terms, 

J.= i+(«_l>(±_^)__5. (5S, 

in which we perceive the approsdmate value of 1 given by 

V 

equation (28), and a eorrecHon !Z1. for the tAicXniMS of the 



tt'3 



Jens. 



(^) Prop. XV. To determine ^ form of a omaUpineU r^rueUd 
&y « iii«<<Hiiii, hounded hy paraUd juloset^ 

For plane surfaees, r and / axe infinite, whenoe .•.-.- ss a, and 

r 

1 

-. X33 O. 

r 

Equation (28) becomes, 

— — — =s o, or, —. =x — » . T . . . ($0). 

V » V tt 
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The vergency of the refracted pencil is the same with that of 
the incident pencil, when the plate is indefinitely thin. 

(57.) Applying the correction from equation (29), we obtain, 

1 _ J_ mt 

V u u'^ 

but, from (36), by making — = a, 

r 

ml 
— = — , whence, tc's mu; 

u' u 

Snbatitoting tUb value of u' in that last given, fi>r -L. , 



o tt mu 



2 



l=i-(l__L\ (31). 

V u \ mu / 



Equation (31) contains the theory of refiracting plates of ooo- 
^ nderable thickness. 

(58.) If the incident rays are j»ni22e2, = 0% and — ss o, 

tt o 

or, o = 00, or parallel rays are unchanged by the refraction tfig. 
23, p. 36, text) 

(59.) The value of — fer diverging rays, given by (31), is puei. 

tive, zero, or negative, according as we have 

1 > -^ 1 = -^ 1 < -i-r that is, 
mu mu mu 

as ( < mil, i = mtt, I > mu^ in which m is greater than unity. 
For ordinary cases of relation between u, and <, (f < mu) is 

positive, and there&re the locus imaginary, or the rays still diverge 
after refraction. As u is measured from the first surface, and e 
(Vom the second, the efiect of refraction in bringing the oMect 
nearer to, or removing it farther fh>m the plate, is not ezpremed by 
the relation of o and it, but b^ that of o — f, and u. To ascertain 
the efiTect of refraction in thu point of view, we take tSe value ot 
o in (31), or, 

■ - ""' ; 
mu — t 
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this, by dividing and neglecting the powers of t above the first, 
gives 

o ss tt -] , whence 

m 

© — « = tt 4. « /i l\ (32). 

In which since m > 1, — < 1, and 1 is subtractive, 

in in 

or, e — ^ < tf ; the point of divergence, therefore, is brought 

nearer the first snrfiioe by the distance, t li V 

3 11 
In a glass plate, m = —, and 1 = — . The point of 

2 m 3 

divergence is, therefore, brought nearer the first surfiioe by one 
third the thickness of the plate. 

For water, 01==:-^-, and 1 =5 —- . 

3 m 4 

(60.) If the incident njB converge^ u is negative, idioioe 
from (31), 

— = - — +—) (33), 

in which — is always negative, and, therefore, the rays still con- 

verge. 

Proceeding to find the valoe of v — f, as before, we have 

mtt^ I 

vMk -^ i * m 

.-,__(„ + ,(!_!.)) (34.) 

from which it appears that the focus is fiulher fix>m the first surface 
than the imaginary radiant point, by the distance ( f 1 — — 1. 
The reverse of the result for diverging rays. 

(61.) Prop. XVI. 7b dtijermint the form of a small pencil of rayo 
refracted hy a douUe convex lens. 

We will first consider the case in which the thickness of the 
.ens mav be neglected. To this, equation (28) will be adapted by 

D 
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making r, the radius of the first surftce, negative, since its centre 
is turned from incident light This gives 

i._i. = _(„_l)(I-+i,) (35). 

since — represents the verg^ncy of the refracted pencil, and — 

that of the incident pencil, and >- is negatiTe,m,r,t^, being 

CMUitant, for tlie same lens, we infer^that the divergency dettreyed, 
w eotwergeney produced^ by this lens^ ts a eonttant fiMnftty. 

(G2.) Tor parallel rays,-^ =: o, and 

4" •=-(«• -I) (-7 +7-) ^^ 

In the refracting media of which lenses a^e made, m > 1, and 

this value of — is negative : hence the fb<!us lies behind the lens, 

atid hi teal. "For die di«tUH» ef the piin^d fbtok we have by 
taking the value of v from (36), 

* = J_.-!!l— (37). 

3 1 

If the lenft is of glass, m = -jr- , and —■ s= 2, whence, 

2 III — 1 



correspoBding to the rtile given in the text (page 42). 
If the glass is equally convex, r == /, and 

2r« 

The princ^ focal distanqs is eqnal to Hh ftdras of th^ snr&ces 
" of the lens. 

(63.) The principal ibcal distance may serve as a convenient 
t#rm of comparison fyt the ifo^ liistalMsei «f ijivcrfmg and oon- 
v^rging ray*. Denoting it by/, we have the value of/ given by 

(37), and of y by (36), substituting m (35) -1 for its equal ; and 
transposing, we have, 

-i.-L-J. ,38, 

V u f ^ ' 
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(64.) Diverging ray». Equation (38) applies to this caae.' 
From that eqoalion it appears that fi>r the same lens, the 
vergency of the refracted rays I — i is less than the divergency 

of the incident r^ I — l by a constant quantity I— \ de- 

P0n4>l^ UDpQ die indpz of refraction of the material gf the lens, 
and upon the CQrvatnris of its sur&6e(k 

If tt >/ CAf« 29, p. 43), — < 4- . and — w negative, or 
• u f V 

^ np are hmught to a fixms. The reciprocal of the focal dis. 

taoce u^ frcun (98), 

SinM J!: L<_,-L<_,ore>/, andthe fiieue 

/ u ^ f V f 



is ftrtherflHitiM kilt thiD the principal ftcos. Aa the radiant 

point apnToaehea the Isosl — increases, and, of course, — , or 

ti 9 

, diminishes, or v inereases : that is, as the radiant point 

/ « 

approoehee the lens, the focus recedes, and vice versa. 

— 3f. TIm fboas ia as ftr from the lens aa the radiant pdnt 
If the rays proceed from a point as £ur from the lens as the prin- 

ci|Ml fteos (as from CX./sr* 99.), u s/, and JL s= e ; the le- 

fracted rays are paraDeL 
The radiant point being still supposed to approach the lens, we 

hwre u </, or_>_-.; —.or — ,i8 then positive, 

u f u f V 

and tjhe rays are no longer brought to a focus. 

(65.) Equalion (35) will give the value of the focal distance for 
diverging nf I to determine this, transpoae _ and bring the 

teraas on the right-hand side of the equation to a common denomi- 
nator, whence, 

1 ^ r /-«(m- l)(r-f O ^ ^^^ 

V urr' 
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™ rr' — a (ot — 1) (r -f O ' 
or chang^ing the sign to correapond to a real focus, to which we 
have found the rays to be brought as long as u >>/, 

urr' 



Vss 



tt(m — 1) (r + f^^rr* 



3 1 

For a glass lens, m = — , and m — 1 = — ; whence, 

, y (40). 

This value of v ^ves the rule found in art 45, of the text The 
arithmetical operation there directed is changed for the subtraction 

of » (r + /) from SrK, when ^n' > ii (r + /), or » < — — , , 

or ti </; the algebraic exp'ession shows by its change of sign, in 
that case, that the focus is imaginary. 

If r ss r', or the lens is equally convex, (40) beeomM 

o as — » ^ I or, 

2ar — ar« 

«r 



tf — r 
agreemg with the rule just referred to. 

(66.) For converging rays foiling upon a double convex lens, we 

make — , in equations (35) and (38), negative, idience, 
u 

J. = _[±+(m-l)(J.+ i^)] m»^ 

4-= -(4- + 7") ''^- 

The sign of — being always negative, whatever be the rela 

V 

tion of tt and /, the focus is always real Since U _ ^ 

1 • ^ 

- , the Gouvergency of the rays is increased by refraction. 

3 

Taking the value of v from (41), and making, in it, m = -— > » 

as was done in the case of diverging rays in the last artide, wo 

find for a glass lens. 
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u (r + O + Srr' ^ 

For a gioM lens eptaUy emmex, we have, 

t) = — JSL^ . . 1 . . (44). 
tt 4- r 

These values for the iaoal distance give the rules on p. 44^ of the 
text . 

(67). In what precedes, we have neglected the thicknesi of the 
lens* and next proceed to show how a correction, for the e^eot of 
the thickness, may be introduced, 

Pbop. XVII. 7b ^kajw the vkeUtad of t^plving, to the approximate 
focal length found for a dovMe convex ten$, a correction for the 
^ftd qfw ihjkkneim- 

As an example, let us take the case a£ paraUel rages fiiBing upqa 

thelm %i»tion (S9) is applied to this case by makii^ r n^a- 
tive, wheiice, 

J-=: J (>„-.l)(J_+ ^W^ .....(45). 

And 6r pncailel rays, lor which -L zs o, 

I-=_(«_l>(J.+ ^)_- (46). 

Equatim (86) adapted to the case of a convex surftce, gives, 

m 1 m— 1 



and &r parallel rays. 




fit 


— w — 1 ^ whence, 

r 




m (111 — 1)2 
«'« mr^ 



Substituting this value of -!L in (46), we have. 



(w-l)^< or 



± = _(„_1)(±+ i)_(!in^ 

» ' \ r r' / mr^ 

l^^^^^^HLzjn (47). 

V f mr^ ' 

To determine from this equatiim the correction tt be applied to 
the focal length, o, we reduce the terms of Uie seccnd member to 
1 common denominator, whence, 
D2 
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Jl_ ^ _ mr^ + (m - l^ft ^nd 
o mr'^f 

mr-f 

*^ == "■ mr2 -I- Cm - l)^/* ' 

wry 4-/ = 

wr« + (m — !)»;« - 
Dividiiig, and neglecting the terms containing powers of I 
higher than the first, , . o«. 

.+/=(J!L^ (48). 

the correction which is to be applied to the focal distance obtained 

by equation (37). 

When the lens is equiamoex and of glas$j we find (art 62) that 
/as r, to which a correction, 

is to be applied. The sign of the correction is contrary to that 
of the focal distance, and the effect is therefore subtractive. The 
corrected focal length is 

(68.) The method which has just been shown gives, at last» 
only an approximate value of the focal distance, which, however, 
ig sufficiently accurate for all cases in which the thickness does 
not bear a considerable relation to the focal distance. In the case 
of a sphere used as a lens, the thickness is too considerable to use 
the method of correction already exhibited. 

(69.) Prop. XVIII. To find the focal length of a sjphere for 
parallel rays. 
The supposition that the rays are parallel simplifies tho^question, 

without deducting much from its utility. Since — = o, equations 
(26) and (27) become, by making r negative,' 

^«— ^^ (49), and 

u' r 

±= .^J!t ""-^ (50). 

For the sphere « = 2r, r = r' ; and (50) gives 

± =- - ^L__ — ^lul , but from (49), 
„ It' 4- 2r r 
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a' as = • whence 

m — 1 

, - ^ mr 3mr — 2r — mi 

tt' 4- 2r = 2r = z , or, 

^ m — 1 m— 1 

m — 1 m — 1 

Subfititoting this value (^u' -{- 2r in (50), 

1 __ m(m — 1) m — 1 
V "^ r (m — 2) r ' 

l_ _ fft(m— 1) — (m — l)(m— 2) _ (m — 1) (w — m -f 2)^ 
V "" rCiii--2) r(m — 2) * 

and 

] 2(m — 1) , 

— = *"; ZvT* whence 

V r.(m — 2) 

^^ r(>ii-2) 
2(111 — 1)' 

The value just found is the distance of the focus from the seoond 
Bur&oe ; ctJl f the distance from the centre, then 

r(m — 2) 

•^ ==^ "-•■=* 2(S^r:i)-'^' 

or, bringing to a common denominator and reducing, 

^ JJ^TZT) (^1)- 

The rule on page 40 (^ the text, is given by the value of/ just 
feund. 

* If the refracting sphere beof taiasA«er,m =1.11145,and/sas — 5r, 
of course FQ (fig. 26, text,) = — 4r. If the sphere be of water, 
m = 1.3358 and/ = — 2r nearly, or FQ (fig. 26) = — r. For a 
sphere of glass, m == 1.5, / = — 1 Jr, and FQ ^ — Jr. For a 
si^ere of zircon, m s:% f =>. — r, and FQ =s o. 

(70.) Returning to the discussion of the fi}rmula for the refracted 
pencil when the lens is indefinitely thin, we take up the case next 
m order. . 

Prop. XIX. 7b determine the form of a tmaU peneU after re» 
fraction by a plano-convex lens. 

As in other discussions, the refractive power of the substance 
of the lens is assumed to exceed that of the medium traversed by 
the incident pencil, or m > 1. 

The question obviously includes two cases; in the one, tht 



plane side is turned towards incident light, in tlie other the curved 
nde is thus directed. 



(71.) flrsit: when the plane 9ide is turned to ineitUiU raya, 
— = , whence fitMn (38), 

J--J.«,i=ll (58). 

V u r 

From this we infer, that the divergency deetroyed, at eenoergency 
proiueed, by this lene, is .a eonsfanl fuantUy, as in the muUe 
convex tens (art 61), hnt the efiect is less than in that lens by 

^.».^.,^^^„,..»»-,.^ 

five, to Carry oat the discussion of the prq)erties of this lens. There 
will be no correction far thickness, for parallel rays, no reftaction 
being produced by the first surface. This is shown by the analysis, 

^^■^ AAA 

the term -f^ (in 29) vanishing, since^from (26), -7 = 0. 

1 

The prindptU focal distance given by making — = in (52), 

and inverting, b 

For a glass letifl, 

/ = -^2r' 

(72.) Second : when the eonwex side is turned to incident light, 
--7 = 0, and r is negative ; ftam (28), 

i-i- ^1=} (53). 

The efl^t is, as in the first case, to destroy divergency in the 
nddfliit penci], er to prodmee^ sr inerease^ emwergeney; and if we 
suppose r ss / , that ia, the same lens to be used m both cases, the 
eflfoct produced is the same. 

For the prineipai focal distance. 






m — 1 • 
and for a gloss lens, 

/=— 2r. 

(73.) The thickness of the lens produces in this case an efi^ 
on the principal focal length, since the rays refracted by the first 
6i4ffa<;c fa]l obliquely upon the second. 
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To introdaoe the correction into the value of the principal focal 
iistanoe, we recur to equations (26) and (27) ; making, in these, 

r negatiTe, -~- ss 0, and — ss 0, we obtain, 

^ — ^ («). 

— = -r^, (56). 

Tho Talne of yf fiom (54), is 



m—l 



, and 



«'+'—;;^i + '•=-•» t^~H*-(«). 



«' + « 
m 



and siibstitotiiig finr u' 4. 1 the value just fiNind, 

•■ +4r (WO- 



j» — 1 m 
The oorrection, therefore, shortens the approximate fecal length of 

the lens bj — th part of its thickness ; if the lens be of glass, 

e a — 2r + |/, or, 
» = — (2r — ft). 

(74) Prop. XX. 7b deUrmine the form of a amaU pencil^ mfter 
rifraetion hy a doiMe concave leru. 

In this fiurm the radius of the first surface is positive, that of the 
second negative. When the thickness of the lens may be neglect, 
ed, we have fi:t>m (28), 

J._i. = («_l)(| + |) (57). 

and where an approximate value of the thickness may be used, 
fi:om 029,) 

i— L = („^l)(±+^)-- C.8). 

in which u' is determined from equation (26), or 

J^=-L+!irl (59> 

a a ' r 
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(75.) When the incident rays are parallel^ (fig. 31, p. 44, text,) 
(57) gives 



i-'-Hr-^y) 



or calling / the pnndpol ibcal dicftanee, and determining it firom 
the equation just given, 

Thia value hemg positive, the ibcoB is iniA|«iiUT, a»d «t *<iiit«Me 
expressed by t& product of the radii divided by the index of 
refraction, fess one, into the siun of the radii. The rule cor- 
resDonds to that for a double convex lens; in fuX, eqoatioiui (GO) 
and (37), diflfor only in their sign. 

(76.) Diverging rays. Ip this case — is positivB, and, then- 

ftre, as long as m > 1, the value of o, from equatton (57), wiH 
always be positive and the fiievi imagmai^; since 

-i=4+(»-l)(-i+-p-) (57). 

it appears that — > — , or the divergency of the r^ys is inoreaa- 

V tt 

ed by the refraction, (fig. 33, text) 
In a gla»8 lens, 



t)'"»"^2\r'*" ■?■/• 



V S8 



Srr' -f tt (r + O • 
whence the rule on page 45 of the text 

(77.) When the rays converge^ — is negative, and (57) becomes 

-i- = _I.+(„^l)(i. + ^) (61). 

The pencil still converges, is rendered parallel, or diverj^neft, ac- 
cording to the relation between — and (m — 1) f -. [• -iV or 

its equal — ^ . If — < -jr or tt > /, — is positive, and the 
J ^ J » 

rays still converge; if — = -r- , or m =./, — = o, and the 



/ 
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re&acted rays arc parallel; if — > -^,or u </, — «* Js nega- 

t|ve» and the rays are brought to a focus. This real focus is as far 
behind the lens, as the vkrtual foeus of parallel rays is in front of 

It, if » = -^ , or — = -X ; for then 1- -r- = — ' — r 

2 tt / u ' / / 

and o s -— /: the distance exceeds that just named if u > -^ 

when we shall have — < —r- and 4. -^-^ -. or 

tt / » / / ' 

— ^ < — -r- and t> > — / : the reverse will of course be true if 
• / 

14 as was first supposed, « > / or — <'^ though Uie ray* 

/■ 
still converge after refraction, they converge less than before it, for 

11 1 

h -7-<-7• 
tt / / 

We shall not intredtiee the correction for thidmess, as it wonM 

be deterau^ed by the sune method with that for the double convex 

lens^ rracQcally tKe thickness of double cotac&ve leases is c^little 

importance, siilce it is least at the central parts, 

(7a) Paop. Xil. 2b determine the ferm of a smdU pencil qfrayt^ 
afterrefrae^tm^afiitno^ebmateUm* 

Finrt. WJien the tonane side is turned to incident 9yi JL -» 

9^ and r is positive ; equation (28) gives 

1 1 (IB — X) ,^ 

The dnMgeney pi:iodae»d tgr tfaie Ism is, MtvftK, fess than 
^pn^iu^bf adouUeooiiiDavel6B%lgr^!l^^ efi5^etof 
the aeoGod surface. 

Second. WhsQ the iilase sid^ 19 towards lacident %|it Tbn 
-* = 0, and r' is negative, whence, 

J__2_^(m-l) 

egKeeiog with the ezpressiea found ia»o?e, if thekns is theaaoM 
IQ eaob easc^ or r «£ r'. 

(79.) The next form to be conpidered is the meniseua. 
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Pkop. XXII. 7b determine the form rf a amaU pencil tif light after 
refraction by a meniecue. 

When the convex side of the menhKnis is tamed towardi men- 
dent li|^ht, the signs of both r and r' are negative. The general 
fimnak (28) gives 

J__J-=_(»._1)(_L_») (64). 

V u \ r r / 

in which, by the nature of this len^ r' > r, or — ^ — 

r r 

From tjhis relation of J. and . L it follows, that .1 L 

r r r r 

is a positive quantity, and therefore the sign of the right hand side 
of tms equation is negative. The equation corresponds to that for 
the double convex lens (35), but the divergency destroyed by the me 

niscus is (m — 1) I — .i , while that by the double convex 

lens was (m — 1) I 1 — L.| . 7%e power of the meniBetu ^ 

i$ the d^erence between the powere of tte two surfaces. 

(80.) When the concavity of the meniscus is turned to incident 

light, f and r^ are positive, and r > i^, or — ^ • 

r r' 

Equation (28) applies directly to this case, and 

v-f = -<-'>(v-4-) <«> 

Snce < — y i-isa positive quantity, hence .Z. 

r r* r' r v 

... JL is negative. EgoatJoiui (65) and (64) are identical, the 
tt 

surface which first received the incident rays in the case of (64), 
being now the second surface. 

(^.) -For the focus of paralM rays, we have, from (64), 

/= L,-. -!!i_..,..(66). 

m — 1 r — r 

(82.) The formulcB just found for the meniscus apply to the eon~ 
tavo-conoex lens, recobecting that when the convexity is turned to 
mcident light r> r^^ and the reverse, f > r, when the concavity 
is thus tuxned. 
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For the first of these cases we have (64), 

-i L=-(m-l)(i -i-\ (64), 

V u \ r r 9 

which, since _. < _ , will be more ezprenive if written 

4-'4- = <-'>(v-f) '"^ 

The second member of this equation is positive, and by referring' 
to the case of the double concave lens (art 74), we shidl find that 
the convergency destroyed by the concavo-oonvez lens is theifl^«r- 
race of the effects of Ua two ourfaeeo, while in the double concave 
lens it was the sum of the same efiects. 

It is obvious that turning the concave side of this lens to inci- 
dent light does not alter the effect of the lens, as was shown in the 
case of the meniscus. 

The virtual focal length of the ooncavo-oonvez lens for parallel 
rays, when the Convex side of the lens is turned to the mddent 
pencil, is 

/=_%._2^ ...(68). 
m — 1 r — r 

(83). For two ophericdL aurfaeeo of the same curvature, we have 
r ^= r, and (28) gives 

» u 

The effect is that of a plane glass. 
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CHAP. IV. 
FOUIATiOir OF Df AOE8 S7 RBFKAClKMr. 



(84) The mbiect of Um firmatioii of images hy haam becomes 
simple, by fntrodiicin^ the comideratioQ of the ray which passes 
through the two sorraoes of the lens, at points where the tangents 
are paralM. 



Paop^Xjail. M the rsM whuh ngtr no iemaHUm by rtfnetion^ 

Fig.V. 




In the fipire, let RL be a ray, refracted b;^ the first surfiice of 
the kns J^ into LL\ and finally emerging in the direction X'JR", 
parallel to RL, Produce LL' until it mtersects the axis of the lens 
m O. Since, by hypothesis, the tangents at the points L and V 
are parallel, the radii CL and CL' are also pardlel, and the tri- 
angles COL and COV are similar. Whence, 

CO ! CO i: Cr : CL. or, 

CO - CO . £^ , and 
CL 

CC::^CO-^CO^CO.i^^l\. 

Calling CL s r, CV » r', the thickness of the lens « f, and 
CO ssB ft , we have 

ac^av-^cv^cv-^ rr — cr-i'.— t — r, and 
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r' — r — ««tt'./^ _l\, or, 
«'- Cr'- r - . (^7-^) . and 

ii'«r — t.-_I- (69). 

This value of CO is made up of Quantities, constant for the 
same lens ; from which we infer, that aU the raw which experience 
no deviatien in paesinf through a lens, toouldj ^produced after the 
Jirtt refraetion, meet t» a single point in the axis of the lens. 

This point is called the centre of the lens. 

(85.) The distance of the centre of a lens from the vertex of the 
first surface is found, readily, from equation (69) ; for, since VO ss 
CV — bo szr — tf', we have, by talking the value of u' from 
(69) and calling r — u\ x. 

aps^r — tt's=l — (70). 

r' — r 

The distance from the centre of a lens to the vertex of its first 
Burfoce, is equal to the thickness of the lens, multiplied by the ra- 
dius of that surface, and divided by the d^srence of the radii of 
the two surfrices. 

In the double convex lens, r is negative and r^ positive, whence. 

The siga of (x) VO shows that, in this case, if lies on the righU 

hai^d side of the vertex. Since -. , is a fraction, « < t, the 

r -{- r 

eentrt is therefore between the two surfiices. 

In the equiconvex lens r'ssr, and 

t 

J? =a . 

3 

The centre is midway between the vertices. It is from this cir 
cnmstance that the point, which we have defined, derives its name. 
The same remarks apply to the double concave lens, since for that 
lens r is positi/e and r' negative, whence, 

rt 

X r= — ■ ■■ ■ « 

r' 4-r 
the same expression which we have above. 

(86.) To use tlie poeitbn of the centre of the lens, in de- 
terminincT the image formed by an object, we observe, that one 
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ray of the pencil, which proceeds from everj point of the 
object to the leoB, passee through this centre. This ray is called 
the principal ray or axis of the pencil, and when the lens is thin 
may be regardeid as suffering no refiuction. It does not fidl per- 
pendicularly, nor nearly so, up(m the surface which it meets, and, 
therefore, in strictness, the refraction of an oUique pencil should 
be investigated and applied to this case. Approximate results may, 
however, be obtained, by taking the focal distance already deter- 
uiined for a direct pencil ; this distance being found, for the pencil 
proceeding from each point of the object, we have a series of points, 
the assemblage of which constitutes the image. An application 
of this method is given in the Mowing proposition. 

(87.) Prop. AJUV. The object^ of which the image by a convex leno 
M requirtd, i$ a plane perpendieular to the axi$ ^the lens. 




Let AB represent a section of the object, MM that of a double 
convex lens, PC a line drawn from any point in the object through 
the centre, C, of the lens; this line may be regarded as the axis 
of a pencil of rays proceeding from P, and may, &rther, be con. 
sidered to suffer no refraction. CaQ a the distance DC ; u, PC ; 
and the angle DCP: we have from the triangle DCP^ 

a Bs tt . cos 9 , whence 



u 



ocs9 



but from equation (38), article 63, 

_L__L L (38) 

V U f ^ " 

or substituting for — its value just found, 

_L=22i_»_4 (71). 

V a f 

The polar equation of a tonic section referred to the fbeos. 



Froni this eqnatioii, inferences mi^t be drawn similar to those, 
ftvmcl m the chapter on the fiirmation of images by mirron. 

(88.) When Urn M^d stibt^nda^ a wmaUangle^ we may oonsidei 
its sectioD as a circular arc ; the image will 1^ also* a circular arc^ 
since if u is canstant (38), v wiU be ro ; and the arcs will, evidently, x 
be similar. If the distance of the object and image, respectively, 
fitim the centre of the lens, be* called a and «, mear magnitades 
d and d\ we shall have 

being assmned very small, equation (71) gives, making cos ^ bs 1, 

1 _/-« 



«/ 



or 



V ^ 



this vahie of n sabstitated in (73), gives 

^ _ / 



(73). 



d f-^a 

As long nBa>^f,f — ais negative, and the image is real' To 
show the results of this case nKure -clearly, put equation (73) mider 
thefiirm 

± L. 

d "~ «— /' 

If a > ^, a — / "> /and -^\bk fraction, or the image is less 
than the object. 
When a s= ^f^ — s 1, the image ia equal to the object 

For a <3^, a — /</, and the image \a larger than the 
object 

The object still approaching the lens when assf^ — b oa, 

and no image is formed. 
Next, if a </, equation (73) gives lor 

jL - / 

d "" / — a; 

a positive value, and the image is now a virtual one, on the same 
side of the lens with the object It is greater than the dbject until 
/ — a s= /, or a s= 0, that is, until the object touches the lens. 

Since the rays cross at the centre of the lens, it is evident 
that when the object and image are on the same side of the lens, 
or the image is virtual, the latter is erect ; when on di^rent sides, 
£2 
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it is inverted. The n^pn of — , therefore, determines whether the 

image will be erect or inverted with respect to the object, the posi- 
tive sign corresponding to an erect image, the negative to an 
inverted one. 

(89.) For the ioMt concave leru from (57), article 76^ 

Whence we derive, by following the same process as for the oon 
vex lens, 

r cos» . 1 . 

I — a (.--■, and 

» a f 

d f 



an expression which is always positive, and a fraction : hence th« 
image formed by a concave lens is on the same side of the lens 
with the object, erect, and less than the object 

We have spoken only of sections of the object, image, and lens; 
the remarks made in the chapter on the formation m images by 
mirrors, (Chap. II., art 37,) apply equally to this case. 

(90.) Having found an expression for the ratio of the linear 
magnitudes of an object and its image formed by a double convex 
lens, if we would view this image at the distance of distinct vision, 
(pp. 48 and 4^ text,) the apparent magnitude will be increased, 
in the ratio of the distance of the object from the eye, to the limit 
of distinct vision. Let S^ express the former distance, i the latter, 
the magnifying power of a convex lens used as above described, 
will be expresMd by 

where'/ is the focal length, and a the distance of the object from 
the lens. 
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CHAP. V. 

SPHERICAL ABERRATION OF MIRRORS AND LENSES. 

(91.) In the text, pages 57 and 58, the fact is stated that Hhe n,jn 
which fall upon a spherical mirror, at a distance from the axu, 
are not converged to the same point, with those nearer to the axis. 
This is illustrated in the annexed figure, in which LM, LM are the 
extreme rays of a pencil diverging from L, and F' is the point on 
the axis at which the reflected rays MF\ MF' meet ; LM\ LM' 
are two rays meeting the mirror near to its vertex D, the ibcus of 
the reflected rays M'F and M'F being at F. 

ng. H. 



FF* is the aberration in length, or Zofi^ti<2t7iaZ aherraiiony of 
the reflected pencil, and if from F a perpendicular to the axis be 
drawn meeting the reflected ray MF' in /, FI will be half the 
aberration in breadth, or lateral aberration of the same pencil 

(92.) Prop. XXV. To determine the aberration of a pencil of rays 
reflected by a spherical mirror. 

First : To find the amount of the longitudinal aberration. 

With the centre L and radius LM describe an arc cutting the 
axis of the mirror in E. According to the usual notation LD s u, 
CD = r ; to .distinguish between DF' and DF, call DF' = ©' 
and DF = v, and let MN = y, the semi-breadth of the portion of 
the mirror occupied by the penciL 

The relation of the segments CF and LC to the sides FMnnd 
LM in the triangle LMF^ gives (as in Pkop. I.), 

FC _ LC 
FM LM 
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But LM^LE^LD^ED, and ED^ND-^NE, or, 

Binoe ND is the versed sine of the arc MD to the radius CD^ 

ibr the same reason NE s= _-. , or, using for LM its approzi- 

iiMte vahie LD, 

NE =s JL , whence, 

ED=yL(l J_\,«nd 

"=-t(f-T)' 

"-[■-^(t-t)]- 

Taking the reciprocal of this value of LE^ and nefflecting the 
terms containing the powersof the sine, y, divided by. the diameter 

Sti, after JtL. we have^ 

LM LE ttlSuVr tt/J 

By a similar mode of proceeding, using the versed sines NH 
and ND, instead of ND and NE, we should obtain 

FJtf PH v' L V V c' r /J 

But F'C =B r — v\ and XiC = u — r ; and substituting the 
values of F'C, FiH;, XC and LM in the ratio found in the be* 
ginning of this article, 

t/ L 2»' \tf . r /J 



^'[■+^(4-4-)] 



Dividing by r and performing the multiplications by the qaanti* 
ties outside of the vinculum, in each member of the equation just 

J L _ _yl /J LV=- 

v' r 2v' \ v' r / ^ 

= i._±+|!:(l_J_y (75). 
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We have thus a general relation between %f and u in terms of 
the radius and semi-aperture of the mirror. 

(93.) If in (75) we use for i- L , in the multiplier of l! , 

its approximate value, derived from equation (1), art (7), namely 

1 1 1 1 , , . 

— — — = , we obtain 

» r r , u 



J L _l! 11 L\^= 

1/ r 2t/ V r tt / 

= ±-i.+ l!.(2.^JLy.or, 

V T" "" T " IT ^ "9 vir "^ v; v"r "■ w " 

ftrther, by using for l-= — | — L. i the value given by (1), 

1 , 1 _ A, 

» u r * 

and substituting this in the equation last found, 

t/ r r arVr u/' 

JL=^-JL+Jl(JL_J_y (76). 

In this equation, which gives the value of — , oorrespcmding 

to a point of incidenee distant fix>m the vertex, we find the recip- 
rocal of the approximate focal length, obtained when the rays were 

supposed to meet the mirror near the vertex, namely, 

r 

JL , and a correction for aberration. This correction contains 
tt 

JL. , a quantity proportional to the versed sine of the semi«ngle 

r 

of the pencil, and therefore depending upon this angle, or the semi 
aperture of the mirror ; and also r, and tf, the radius of the mirroi 
and distance of the radiant point If these latter quantities ar« 
constant, the aberration is a function of the semi-aperture of the 
mirror. The coftection for aberration is additive, showing that 
the reciprocal of the focal length, for rays distant from the vertex 
is greater than the reciprocal focal lengu of those near the vertex 
or that the point F i8>nearer to the mirror than F. 
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(94.) For paraUd rays — = o, and firom equation (76), 



u 



_ = — - -j — i—, whence, 
W r r^ 



r^ 



perinmun; the divisioOf and neglecting the powers of y higher 
than the seofnida 

Tk^ Cfirreetum for abemOim ts, therefore^ — -^ , or — -^ , or Is 

fttttracftoe, tuni tqmd to iht oqmre of tfte oemUapertttn of tW 
mirror divided hy eight timeo the frvnofait fbedL length. 

(95.) Sboond: 1V> find the UUrdl aberrstiiftn of the extreme ray. 

The value ofFI, which measores the lateral aberration of the 
extreme ray, may be obtained as ioDoira. In the similar triangles 
F'FInndF'MN, 

wr TW FN 

MN 

To iqiproximate to the ratio -^rri* F'D may be fiiken instead of 

F'N 

F'Nf and the Talne of the aberration is 

MN 
Fi^FF'^ ^^ 

in wlHch all the terms om9 koowB wh9n FF' his beefi determined. 

(96.) We propose in this artiele to determine the p|oeition and 
mafnltade of the physical ibcas of a mirror, or of the circle which 
imSides aJl the rays of a reflected pencil, when they are spread 
over the least space. 

Paop. XXVL To determine the position and magnitude of the eir- 
de of Uatt akerraim^ in afiml of rayo reacted by a concave 
mirror* 

In the flfups let Ulf be the extreme ray of a pencfl, incident 
upon the n^rer, MP' the corresponding reflected ray, F the fiicas 
of rajs very near the vertex^ Pother, let LP be any incident 
ray, m the lower portion of the paid] ; PR the corresponding re- 
flected ray intersecting MF' produced in c : draw ^6 perpendicalar 
to the axis, firnn the point c. If we suppose the arc DP very small, 
the reflected ray PR will coincidii very nearly with the axis, and 
the distance ch will be indeflnitely smaU ; as the arc DP incretses. 
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the reflected rajs Iteing removed fiurther from the axis, ei, at fint, 
increases ; it anerwardi diminishes as the point of intersection of 
PR with the axis approaches to F\ and when DP ss DM, PR 
coincides with PF\ and eh vanishes. Between the case, then, in 
which DP is very smaU wid DP » DM, there is a positicHi of 
the incident ray tsP, for whidi the reflected ray PR gives a nuud* 
mom value £stt 6& When c6 is a nuudmiim, all the rays of the 




reflected pencil pass through the circle of which that line is the 
radios, which is, thos, the physical focus of- the mirror. The 
question resolves itself into determining the values of JPi and eb 
when the latter is a maximum. 

CtJlMN.y; PT.ifi DF.v; DF,W; FF\ the longitudinal 
aberration, a ; F'h ss x; be sa z. Since (art 93) the abMradd* 
of a ray u proportional to the square of the distance of its point 
of incidence, from the axis of the mirror, 

FR : FF' : : FT^ : MAP : : y'* : y» , or 

FF'— FR : FF' : : y' — ^« : y« , whence 

FR^a.t—J:-. 

But flram the similar triangles P'bc and jPJW, 

beihFiiMNiFN.itt 

A- i;x^ JCV^ 
be ssbF, -=— . 

FN 
And fixun the similar triangles Rbe and RTP 

RbibeaRTi TP,or 

Rb^he.^; 
TP' 

substituting for he in this expression the value found above^ 
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and by the notation, 

MUf SB JP • • • — — • 

If we approximate, by considering 127 and FN to be equal, 

JZ& ss X . -^ , and 



y y 

Equating this value of FR with- the one before found, 
» . y ^y s a , y "^y whence 

y* y + y' ' 
*««-^(y-yO (79). 

As we have supposed the ray LM. to remain fixed, and LP to' take 
different positions, and have fi>und, 

, = 6c = ir.^. 

he (or z) will be a maximum when hF (or a;) is a maximum ; but 
fiom (79), dp is a maximum, since a and y are constant, when 
^ (y —- y) is a maximum, or when 

yCy — y') = y», or 

2 

In that case, from (79), 

* = -^== 4- (80), and, 

4y-* 4 

FN 4 FJV 

If a perpendicular, F/, be drawn from the focus F, of rays In- 
cident near the vertex, to the axis, meeting the extreme ray MF 
^ /, by article (95), 

MN _ FI 
FN FF\ 

wrw 
whence the value of ar, or __- . , becomes 

4 FN 

% r= \IL. (81). 

4 
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fVom thcM Tduu, (80) and (81), of z ood i, it sppeire, that the 
dUlance of the cireU 0/ leatt afterrolion, >oin (/le /oeu» 0/ rayt 
near fAe ncrtu, i* tbriifourtha qf lit longiiudinal abtrration of ikt 
txtrtme ray, and that Che radiiu of the (sme citclr U ojie fuuitA 
of the iaterai otemrfum of the txtrtme ray. 

Spheriad Abtrration ofLentei. 

(97.) In this inTOBtigaliDn we begin by (tetermining- tiie ■bens- 
tuoi prodocsd b; a. lingle lurface. We ahaU HMume the light la 
paH Irani > rarer into a denser raediuni, u when it enWra a lena 
through its first surface. 

Piar. XXVII. 7b determine the aberration produced by a tingle 
refneting mirfaee. 

rig.K. 



Let tbe ra; RL fiill apon the apberiol mrfiiM LV at anj pdnl 
L, and be r^ncted into the dbertum LIL ContiiiDe LM nntil it 
intonecta the aiie of the surikce, at F. Druw the radius CL, 
Coll m tbe rstio of the sine of incidence to that of refraction, in 
the putnge of the ray Itodi the rarer to the denser medium, the 
nne of retraction being unity ; then, by proceeding aa in article 
(SO), Chap. III., we find 

RC _ ^ _rc^ 

RL ~ ' FL ' 
From the centres R and F tiilh the radii RL and FL, respec- 
tively, describe the arcs i.S and XITcuttiiig the aiis in 5 and 7*; 
Sr will be tbe difference between RV and RL, and TV that 



Aain theootationof Chap.III.,let itr = 
and call LN, y. !fS is the versed sine of the arc LS, NT of LT, 
and WFof iV; and if for the chord of each of tlwM area we 
•ubatitute, aa an approximate valuer the aine, we ban 
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fiRL 

NT=z JL 



2FL 

2 



NV=A 



acv 

m 

or lulMtitutinff for RL and FL^ the approximate values iSVand 

NS=JiL, NT^JL, -YF = -iL , whence, 
2« 2tt' 2r 

;SF— JVK— ^S'= yL(2 L\, and 

rv= JVF— jvr = J^^JL — 1-\. 

2 V r u' / 

From these values of SV and TV we obtain, 

RL = RV^SV=u^^(- L\, and 

2 \ r a / 

FL = FV^ TV=zu' ^ /JL -. Jl\ . 

2 V r u' / 

Taking the reciprocals of RL and FL, that is dividing unity by 
the values just found for those lines, and neglecting the terms which 
involve the quotients of the powers of y^ by those of «, after the 

_i! — ^1 , we have 
2u^ / 

RL ttLtiVr tt/2j 

FL It' L tt' V r w' / 2 J 

From the figure we have RC as RV — CV sa U'-^r, and 
FC zs FV ^ CV TSi u' -^ r, and the equation for the relation of 
RC, RL, FC and FL, becomes 

uf I ^ u' \r «'/ 2 J 

Performing the divisions by u and ti', indicated by the terms el 
the equation, and dividing both sides of the equation by r, 

(f-T)r'+4(T-v)fl- . 
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performing the multipUcations required by the expressions, 

i__J_+_L/J L\"if = 

r u u \ r u / fi 

= m ( j\ + ^ ( L\ X. , whence 

\ r u / u \ r « / S 

■J- = -f + '""■' -r + 't 

[v(T-i)"-4(^-4-n >«* 

In tliis value of , the first two terms correspond to the 

value found, (26) art 50, on the supposition that the pencil is 
•mall, and the thurd eontains the correction for the aberration, pro- 
duced by the single spherical sur&oe. 

(98.) The ezpresnon just found, may be simplified by substi- 
tuting in the terms of the second member for u\ its approximate 
▼ahie fhim equation (26), art 50. From that equation 

^ z= JL -f (m — 1) -L , whence, 

u u r 

±.= ±(±. + («-l) JL\ , and 
tt m \ u r f 

-L-i, = i-_-L/± +(m-l) ±\. or, 
r u r ffi \ tt r / 

r u m \ r u / 

^ \r u'/ m'\r u J 

In order to reduce, with greater convenience, the coe6icient of 

£- in (82) to its simplest form, call that coefficient A;, then sub- 

ffl /I 1 V 3 

•tituting in it the approximate values of and i 1 , 

tt' \ r tt'/ 

just obtained, we have, 

*=(i-+(»-i)JL) .l3(i__JL)' 

u \r u / 



or. 
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Vr u / \r tt/ mi 

whence (82) beoom^ 

m I , m — 1 , m — 1 

—r "^ — + — "^ + — T" 

(99.) When the ■orfiu^ ui pcmTez, r ii negative, u»d (8^) t^es 
tfaefiirm, 

III 1 m — 1 fif. — 1 

u' « r in* 

(f ^- ^^)- (I +f)'f •■••<«>• 

And for oonyerging mys u being negative 

m 1 m — 1 m — 1 

(f-=^)(f-i)*-f "^ 

The tern} in (85) which contains the correction for i^berratiant wiQ 
▼aniflh if either of the factors composing it shoi:^ be equal to isero 
First, let 

1 m -f. 1 ^ ., „ m 4- 1 1 

— _ — '^ ■ r= 0, tben ^^ — i =r — , or, 

r u ^ r 

1 : r : : m -f. 1 : tt. 

There is, therefore, no aberration for converging rays, falling 
upon a convex spherical sorfitce, when the distance of the radiant 
point is a fcurti) proportional to 1, r, and m 4- !• J^rom whpnoQ 
the result on page 56, of the text, is easflj deduced. 

Next, let 

= 0, and tt = r, 

r tt 

or the indent rays converge to the centre of the spherical surftoe. 

(100.) In art 42, it was remarked that making m &= — 1 in 
the formuliB for refraction, the cases would represent the eor- 
responding ones in reflexion. Making m s= — 1 in (83) we havc^ 
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tt r 



66 



2! 



r \r a / 

u' r u r \r u / 

ft Mfolt wliicb agreet with etjaation (76), arL 93. 

(101.) Pbop. XXVIIL 3b deUrmine UU aherratum in a penal of 
rmjf$9 after refraetion by a spherical Um. 







R beinff the ndiu&t point of a pencil of raye Ailing upon the 
lens hVv'Uy let RL be the extreme ray of the pencil, and K the 
virtual ftcut of the extreme rays, after refraction by the Brst sur- 
ftoe of the lens.. If now we suppose a pencil to proceed from B!^ 
considered as in the denser medium, tlie extreme ray of this pencil, 
KLy will be refracted into the direction, UMy which, if continued 
backward to /*, will give the virtual focus of the extreme rays. 

As before, represent i{F by u, iZ'F by ti', and Ch by r ; &rtber, 
let irF= «', FF = c, Cll^i', and VY =^ t. 

By the preceding proposition (equation 83,) we have 



V 



= — + 



m — 1 



(|--^)(t-t)' 



m«-l 
a 



3 



(83). 



The case of the second sur&ce will correspond to that of the 
first, if we consider F the radiant point, and R the virtual focus ; 
o must be written in (83), for u, v for »', and r' for r; we then 
obtain 



m 
V 



V 



m — 1 



i— 1 



V r' / V r' « / ' 2 



or. 



F2 



6^ nmaaoAbAMWMMAvmKfowiiamam. ▲psazoiiit 

1 m m- — 1 If! — 1 

but v'bs «' 4. t, whence J^ r=: *^. , perftnalij&g' tite cH^^ricii 

IT V' ^ t 

and neglecting the powers of t aboye the first, 

m m ml 

We maj farther approximate to this Taloe of -^ , by sobeti- 

v 

tuting for , in the aeoond member of the equation, its ap- 

proximate valne^. from (36), art 50, namely, 

4. ,= JL (_L + JizdV"; whence. 

It m * / ^ 4. *" — ^ \'; 

/ *" tt' m V » r / 

hi wfaidb tiM TalM of ^,«9i» (9^,.b(|^iM{;iVsnt^^ 

t/ tt r mVtt r / 

I* V r tt / \ r tt / 2 



» 
m 

7 



m — 1 



nai 



m — 1 



By aubstitating fbr J^ , in equation (86), its vahie- just finmd, 
v^haTC 

V o \r r/rw\» *•/ 

We ae^ in this ftrmnlii* fir^t, the two terois whlcjbi denote ih^ 
reciprocal of the focal distance of an indefinitely small pencil ; 
second, the coireetion for tiuc^j^ss; and, in the last term, the 
correction for abertaffon. 

(102.) The general. %mu]a, (^7), b^omes less complex, and 
gives result of eeaei^erable-pract^al inipiBlance^ whfcii applied to 
tiie case of parallel rays. 



In this cue, — =; a, and (87) beEonws, 

I. = (.-11 (.1 - J,) _ -1- . '- - ')■ + 

"^U-(^-'^)(^-l)"H--" 

The correction for tbickneu, conlained in the ncond lenn, hu 
tlrea^ b««ii MDuatelj coandend, uticlM 55, 67, &c ; we maj 
[Iwrefiire leave it out or the queitiim here, m&kmg id (B8) ( = o. 
Farther, to aiqtroiiiiiate to the nine of v, we nuj mbatitole ibr 

— in tbe SBCond member of the umi eqnUion, the ^[^voiinute 

lahie , or (m — 1} (. . J , obtained by making _ 

c= in (US), art S3. 
We liave, then, from (88), 



in tengti, tberefbre, is represented bj 

(7-7-)']-^ '">• 









a = 



[Jr + (i + •-^) 



ma 

■(-r+fn-^ ^ 

Thii value of the abemition having the podtive ngn, whik the 
approximate focal length has the negative aign, its e£foct on the 
meal length, for rays not near the vertext is suhtractive; dxiwing 
that the fociis of such rays is nearer the lens, than the fbcns of 
Fays incident near the vertex. 

3 

(104.) For an sgvi^oneez, gUuB lens, r s r\ m s ._— , and/ 

/ has already been made nega- 



B r, disregarding the sign, since 
tive in (90) ; and from (90), 






Z_ — , or, 
2 



• 5 y> 
a = — — • — — • 

3 r 

If we suppose the beam of light to occupy the whole aperture 
of the lens, y beooijies the semi-breadth, and y^ r=: — • 3» 

Bsariy, or y' n ft, and t us S^; writing t &a JL. in the value 

r r 

of a, just found, 

a = 111. 
the result stated in paragraph 3, page 53, of the text 

3 5 

(105.) If m = — . , and r : / : : 2:5, or r' = _r, we have 

from (36), 

i=_(.-,>(±+j,)=_-.j..^ 

Substituting these values of m, r', and / in (90), recollecting 
that / has been already made negative in that equation, and that 
now its value is to be placed there without regard to the sign, it 
gives, 

9 LH ^ \Sr ^2 lOr/ 



11 



or. 
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5r ■*" Wr) 1 73 ' 2f ' 

9 L ^ V5 ^ 20/ V5 ^ 10; J 73 / • 

7 ya 
6 / 

This is Had case of an vneq^ijiy oonvez lens^ in which the more 
convex aide is turned' to incident light 

(1060 ^ ^6 fiano^onvex lens, if thi% plane sid^ be turned 

towards parallel rays, .^.^ = 0, and / = Sr' ; if the material be 

' r ~ 

glass, m =- ^ , and firomt(90) we dytfon 

a — A. 5^ =s A.St, 
f 

The rqsnU l^vjon In paragraph 1, page 53, of the text 

In the same len% with the convex side turned to parallel rays, 

— =^ Of, a|kd /tss 3r, whence from (90), r and / having already 

been made ne^tjve, 

f 

The rsiidtsliied is paagnq;di 2, page 53, of the text 

(107.) "Biyfyf, XSOL 2b dtUrmim the ratio of the radii ^the our- 
faeeo of a double convex lens, which shall produce the teasi aber 
ration, with a given focal length and aperture. 

To solve this question we must determine the ratio of r and r', 
when a is a minimum, / and y being constant 

Differentiating the value of a given in (90), considering r and 
r' as variable, and disregarding the constant multipliers, we obtain, 
after changing all the signs, 
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*{^*j-Y:^ <»"- 

But ton eqaation (36), art 62, we have 

— + — 7- =s .. —i — . ^ • wbenoe, by diflferentiatiiiff. 
r / m—l / 

dr^ dr^ 

Am/ 

Subftltutiiig in (91) this value of .-_ , and dividing by 4ir 
which, by the questioii, is equal to zero. Multiplying by r' we 

-(■1^*7-)'= «■ 

From equation (36), disregarding the sign of/, 

1 _ 1 _i._ JL 

Substituting this value in (92), and arranging the ffcmw 

J^ 6 3 2 g(m 4-2) 

r'2 (m — l)/r' "*" (m — 1)2/-* r^^ ^ "^ 

2(m 4- 1) 1 9 1 

^ — X — i : — = 0, or, 

P r'2 /r' 7^ 

( 2m — 3\ . — = 0, 

V(wi-~1)- / p 



obtain 
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and by transposition and multiplication, 

( — L^ -f 2iii + 6\ . -L = 
= / ? — 2wi — 3\ . — (93). 



3 

If the lens is of gUss, or m = , 
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— = — . JL , and 
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Comparing together the values obtained for r and r', 

r : r' :: 1 : a 
This lens is known to opticians as the €ro8»ed lens. With the 

more convex side turned to parallel rays the aberration is — . L. 

which is less than that for the plano-convex lens with the convex 
side turned to parallel rays. 

(108.) It would carry us beyond the limits ol* this Appendix, to 
go into the investigation of the aberration of combined lenses. 

Before leaving this subject we purpose to show a method by 
which the surfiices which refhict rays accurately to a point, may 
be determined. 

Prop. XXXI. 7b deUrmine the curvature of the eurface of a me- 
dtufUj $0 that rays pa$$ing into il, from a rarer medium, may be 
refracted to a point* 

Fig. M. 




As we have found a concave surfiuse to give only a virtual focus, 
we proceed, at onoe, to examine the case in which the surface of 
the denser medium is convex. Let i{ be the radiant point, RL a 
ray meeting the surface at L and refiracted to F : let Z' be a point 
farther from the vertex V than jL, RL being the incident and 
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L'F the refracted ray for tliiB point Draw the perpendicolM* 
Vlt and L'S apon the incident and refracted rays RL' and L'F, 
respectively. LFf will be nearly equal to the increment of the 
incident ray, and LS to ^e decrement of the refracted ray, in 
passing- from the point L to L'. Call RL^ u\ and LF, — v\ Then 
if V he sapposed very near to L, LR s dv\ and I£ = <2e'. 

In the triangle liLR\ . ; „ .= cos. RUJ =z tin. meMenoe, 

and in L'LS, -"' ^ ^ • 

whence, ' 



or. 



US cos. SLL' sin. refraction 

LBf sin. incidence 

LS sin. refraction 

du' 
-g_=m,or, 

dtt' — mdt)'=:o (9i), 

the diflerential equation of the curve which, by a revolution about 
tin axil RFf will produce the surface required. To integrate, \bI 
RVsau, and FV = — o, the complete integral of (9^) win be 

u'— a = m(c' — t)) (95). 

(109.) If the incident rays be iNiniael, tt' — o » VM,Jig.N. 



If we put VM = Jl — Xt {95) becomes 

A — a? SB m (»' — c), whence, 

f A — X 
V =z V , or, 

m 

«-= i/ — il + 1. ..-...(96). 

The eqtiation for the distance of any point in an elUpee from 
the fiirther focus is, (Young's Analyt Geom. art. 47, p. 78), 

V ess ^ ^ ex, 

m which e < 1 ; with this (96) agrees in fi)rm, knd will be identioai if 

in Am 
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Sabstitnting for m in the second of these equations, its YBlne 
from the first, 

»' -^ c = il, or »' = Jl -|- c. 

We find, then, that an ellipsoid of which the S€mi4ran8ver9e 
axis is to the exeentrinty as the index of refraction is to unity 

I = ml tnU refract parallel rays, accurately^ to the farther 

focus. 

If a lens be formed, of which the first surface is a portion of 
the ellipsoid just determined, the second sur&ce should be (art 99.) 
a portion of a sphere, having the fijrther focus of the ellipsoid as 
its centre {Jig> 38, text). 

(110.) Equation (95) may be apptied to the case in which the ind- 
dent pencil passes fi'om a denser to a rarer medium, through a con- 
cave surface. Then FL, FL\ Jig. M, would represent the incident 
rays, and LR^ L'R the refiracted rays, and the ratio of the sine of 
incidence to the sine of refiraction would be represented by the 

firaction ; substitutbg this for m in (95) we have * 

III 

tt' — a :?= -L (i/— V) (97). 

For the ease of parallel rays, {fig, 40., p. 55, text,) by prooeed- 
ing as in the last article, idiakmg u' — ti sa ii — x, 

o' — « Bs in (ii — x), and 

V8 t/ — mA -f ffix; 

an equation of the same form with that before obtained, and re- 
presenting the distance of a point in a conic section from the 
fiirther focus ; in it 

fit = e ^ -1. , and tf — • mA as A^ 
A 

Since m > 1, e > 1, and the equation belongs to a hyperbola^ 
(Young*8 Analyt Geom., article 79, p. 104^) the equation of 
which is 

v' KB ii 4- mA ^sa A ^c, 

lit then, we form a lens with the firsi surface pfajif , and the 
second that of a hyperbdloid of which the excentricUy is to the semu 
transverse as the index of refraction, of the material of the lens^ 
is to unity, parallel raySy incident perpendicularly upon the first 
surface (f the lens, wtU he refracted to the farmer focus lif the 
hyperbdoid which forms the second surface {fig, 40, text). 

(111.) The cases in which the aberration of converging rajrf 
upon a sj^erical surface is zero, (art 99,) are contained m (95) ; it 
is unneoessary, however, to discuss it forther 
Q 



(|13^ The ftruMi of wAftmB wkheiit ibemitibii. lOftj «]io be 
inlbma fh>m the equatioofl just discussed. The etoor x mkrav 
will be given by iqakiog m s== — 1 in (94), whence, 

iu' -^ dv^ o, and integrating 

uf^9'(r9)=»€ (98). 

1^ this property we recognize the hyperbole, the distances u' an4 
-i/ being thoee of the point, from the two foci. 

For a concave mirror, u' and v' have the same sign, in equetioe 
(94), and 

du' 4. de' ss <\ or, 

u' + t/ =» C (99). 

The mirn^ is an eUipsoidf the radiant point coiTtdding wUh one 
Jkeu$i mnd lA< twys bting^ cMeeUd at th^ oppoiUt ftau. 

If one focus remove to an infinite cBstance, the eSipseid becomes 
a paraboloid, into the focus of which the rays which have been 
supposed parallel are collected. 

* Oatustics by R^exiem, 

(113.) It is not intended to enter fiiUy'into this subject in rela- 
tion to both reflexion and refi>action, but to confine the discussion 
to examples of the caustics produced by reflexion. 

The formula for th,e oblique pencil* art. 29, ^c, gives, In certain 
cases, an elegant and easy method of determining the form of a 
section of the caustic surfiioe, ptodneed l^ reflexion from a 
sf^erical mirror. 

ThiOT, XXXII. 7b determine the form of the caustic produced by 
the reflexion of a pencil of rays from a spherical mirror^ when 
the rays are paraUel ; and also tohen <Ae radiant point is at a 
diameter^s diiancs^ from tke vertex vf ike mirroit^ 

First. When the radiant point is infinitely distant, or ihe rays 
pueileL 

LDM representing a section of the mirror, let KL be a ray mci- 
dent upon it and reflected into LB; thon, the focus of a smaQ 
pencil meeting the mirror near to L will be the point F found from 
HM ndw of » in the equation whielk ooMhldes vfi. 30,nMiiitiy« , 

« = ^ . cos. ^. 

To construct this value of ti; let fall fi'om C, CP perpendicniar 
to the reflected ray LB^ then 

LP s tX) • cos. ss r . cos. f , whence, 

ZP 
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n 



Bisect XC in JS; and £P in F.thtoXF^ is a right angle; the 
point ^Ft of the caustic, is, therefore, in the drcum&rence of a 

Girde of which LE = JL LC is the diametiar. This being true 
of each point in the curve, the caustic curve is an epicjcloid, the 
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V\ 



^ 
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tfamcMr of the generatittg einele of iTvlitdi ia equal to te radius of 
the base; ^[lis latter being half tiie radios of the mirror. This curve 
«nd the <^Ie LDM reveiving about 1X7, as an axis, ivould ^ene- 
nl^ :refpectt?ely« the eurfiuw of the cauatic.and that of the nurror. 

Skcnmid. Let the radiant point be at the extrenutjr of the 
ameter of the mirror* 

Fig. P. 




The rtif RL is refleeled into ZiB. To &[td the positioii of F 
«poii LB^ we recur to equation (11), art S9. 
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« V r.coB. f 

Pnwiog CP perpendicular to RIs^ 

LP = r . COS. ^, whence, 
3 4 




JLP JSL 



1 - 3 «. 
— = — , or, 

V u 



V 

T 




If CE be made = _~- , the perpendionlar from E to LB win 

intereeet it in the focus F. The locua of theie foci is, therefore, 
an epicycloid, of which the diameter of the generating circle it 
to the radiua of the base oa two to one. This carve is the cardioid 

(114.) In considering the subject in a more general point of 
view, we may determine the equation of the curve of section of 
the caustic, the position of the radiant point and section of the 
mirror being given. 

Paor. XXXUI. 7b determine ike equaHon tfthe curve whieh i$ ike 
eection of a eauetie formed by a curvea mirror. The tecHiim 
being made by a plane fasting through the axis of the mirror. 

We rdbr the curve to polar co-ordinates, the radiant point being 
the pole. 




Let B and R be two points very near each other upon the curve 
which is a section of the mirror ; let C be the centre of the oscu- 
lating circle to the curve at either of these points, so that the 
portion of the drde and curve nearly coincide between B and R. 
KB, RBf representing two incident rays, BF, BF are the le. 



1 

Bs ^', the perpendicular BP* tipon the tangent BP, as |i, the n>' 
^jmCB^CBf^r. Job /*ic and let M&e perpendicular AQ, 
upon BF, F being a p^nt in the caustic, FR is the radius 
fOdt^r ^ Uitt point and RQ a perpendicular iipon the tan^rent; 
call RF^ u\ and R(i, p\ An equation between u* 9xvi^j( wiSt he 
that of the caustic curve. 

In the acute angled triAdgle RPB, since the segment BQ s 
RB . COS. RBQ. 

tt'3 a. «a ^ r^ — 2tt« . COS. 2^ (100) ; 

and in the right angled triangle RBQ 

j/» » . 8in.2^ (101). 

To eliminate cos. 2^ and Sim 8^ we proceed as foUows. Since 
RP and CB are perpendicidar to BP^ they ar<9 parallel, and the 
angle PRB » RBC :«: ^, and 

COS. ^ = J- . 

« 
But, by trigonometry, 

OOS. 2^ ss 2 CO0.3 f — 1, 

and by substituting for cos. ^ the value just given, 

cos.2^ = J?l._l. 

We have also, by trigonometry, 



Mn. 20 tt: v^l — cos.' 20, or, 

dii.j,=4yi_4. 

Sttbstitutm^ these values of cos. 2^ and sin ^0 in (100), and 
(101)i respectively, we obtain . 

«'» c= «' + tf» — 2ttt> ^B^! 1\, and 

/=2^yi^ ^'''^' 

The value of u'^ may be written under the mors simple Ibnn, 

t*'« = (II + e)«^ -fe!l (103). 

tc 

G2 
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Hw relation betwwn « and « giyen by eqaation (11), aitSd, er 

M V r . 006. ^ 

may be applied to this com by takiii|^ r to repreaent the radhiB of 
flw oocolatLi^ circle, which ia, 

Sabatitating thia value far r, 

1 I 1 _ 2 _ a» ^ 

» » win ^^ . iMW . coa. f 

- . • coa« • 

coa. ^ = X., 
tt 

J_ + L = i* . whence, 
i_-_ i!!*Il£*L , and 

« = _JE?*L (104). 

2udp — pdu 

If thia value of r be anbatituted in equation (103), we ahaO 
obtain a new equation, which, in oonjonctioQ with (103), will give 
the relation of «' and^' in terms of », |», ilii, and dp. The relation 
of the laat four quantities mentioned will be ^ven by the equation 
of the reflecting curve and by its differential ; eliminating theae 
quantitiea, there will reault a single equation between uf and j/, 
tile equation of the cauatic curve. 

(115.) To give an example of thia method of proceeding, let the 
reflecting curve be any portion of a logarithmie spiral, of which 
the equation ia, 

p BB ffttf . '■ 

The general value of v (104), ia firat to be applied to thia par 
ticular 



HiflTerentiating the equation of the curve, 

dp 8 ffu^tt, whence (104) becomea 
pudu pu pu 

SmtuZic — pdu 2jntt — p dp — p 

Thia value of « aubatituted in eqoation (103), givea 



Ap^u 

tt 

'a at 4tt* — 4m>«> » 4tf > (1 — m*), and 



tt'2 » 4tt» — 25J1L =: 4tt»--.4p«, or, 

tt - . 
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tt' Bs2» VI — nH. 
Also, firtmi (103), 

1/ « 2i»tu y 1 _ ^!^ — 2,„u ^1 — ma, 

or iince we have just found 

y =s= Witt', 

The section of the caustic surface is, therefore, a logariiktnic 
ipirai differing only in position from the reflecting curve. 



CHAP. VL 

ON THE DOUBLE REFKACTION AND POLARIZATION OF LIGHT. 

(116.) Although it does not enter into the design of this Appen- 
dix to show the method of deducing, from theoretical considera- 
tions, any of the general laws of Optics, I have thought that it 
may assist the student to ^ve the forraulGe to which these oonsid^ 
orations lead, or which have been deduced from experiment, ia 
certain particular cases, discussed in the text The formula, or 
genera] law, once remembered, the details of the phenomena flow 
naturally from it, and the memory is not tasked to recollect indi- 
vidual results. 

Double Refraction of Light, 

(117.) The formula which represents the law of extraordinary 
refraction in doubly refracting crystals, becomes, v/faen the inci- 
dent ray is in a plane passing through tiie axis of the crystals, 

m'5 = m2 — (m' — m'2) . sin. » ^ ..... (105), 

in which m' is the index of refraction of the extraordinary ray, m 
that of the ordinary ra^, and ^ the inclination to the axis. In the 
spheroids constructed m the text {Jigo. 77. and 79.), to give the 
index of refraction of the extraordinary ray, if the axis wliich cot 
incides with that of the rhomb be called 6, and that perpendicular to 

the same axis a, then by the constructian a = , and h =z -L. 

m> m 

whence (105) becomes 

m'a = -^ _ (^ L\ . sin. «*. 

AB>nga0in> m',or-.> JL,thati8a> b,^(~l L\ 

b a \63 a«/ 
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iJig'TT^ win be iiegatiiie» wbence tlie term 4}ry9ial§ with a two- 
ftM tutit whidi applies to this daae. When a <h {Jig, 79), 

4- < — or m' > m, and | -~- .^ — ^1 becomes additive, and 

the crystals are said to be eryttaU with a positive ojnt of doable 
Tefracuon* 

(118.) In the plane of prhidpal section the tansents of the angles 
of extraordinary and of ordinary refraction are m a constant ratio 
to each other. In the plane perpendicular to this, the law of the 
sines i^lies equally to the extraordinary and to the ordinary ray, 
bat the Talue of the constant quantity is different for the two rays. 
These are the only two cases, in which the extraordinarily refracted 
ray is contained u t^ plane of incidence. 

(119.) When light which has been pdarized by doable refraction, 
in tl^ i^ane of principal section of a crystal Icdand spar C/?f • 
84. and 85., text), passes through a second crystal, the relative 
brightness of each image, supposing that no light is lost by re- 
flsBOB or absorption, may be expreraed by the feUowing finnnala; 
in which Od, Ee, Oe , and JEo represent the images formed as de- 
■cribed on pa^ 140 of the text, a is the angle which the plane of 
|irincipal seetum of the second rhomb makos with the same phme 
m the first, and J. is the brightness of the inddent ray. 

Oo = 1 ii . C0S.S aszEe (106). 

Oe =z 1. A, 8in.a a = Eo (107). 

The sum of the brightgtess of the four inu^ges, 
€h+Be^OeJ\.S0^A (eos.> m ^ ain.a a) r= A. 

From the foregoing ibrmuliB (106. and 107.) we mayirace the 
changes of brightoess in the several images, as described in paires 
140, 141, of the text (/g. 86,) 

When the principBl sections are pa r sflel, atszd, oos.« ss 1% and 
MB. a ss. 0, therefore 

Oo=zEe= liJL Oe r= J5b = 0. 

2 

By tammg the lower crystal, a assumes a finite value and the 
imaf[es Oe, £o appear. As a increases, sin. a increases and cos. a 
diminishes ; Oe and £o^ therefore, imcrease in brightness, axxl Oo, 
Be decrease. When a = 45<^, cos* a = sin. a, and the four im- 
mgfs are eqoally bright The angle a increasing forther, Oo and 
& beeome mote and »ore &inl,and disappear when a :x:W^; at 
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tfaki angle 0« = £lo =s — . X The rotation of the lower caysta* 

being continued beyond 90°, cob. a takes the negative eign and 
increases negatively, while sin. a again diminishes; when a aa 
180°, COB. a ss — 1, sin. a &= 0, and 0«, Eo again disappear. At 
this angle the two images Oo^ Ee coalesce, the two extraordinary 
refractions taking place in c^poflito directions. 

Polarization of Light by Reflexion. 

(120.) When li^ht has been polarized by reiUxion fiom a inr- 
ftce, upon which it falls at the maximum pdarizing angle^ the 
feUowing empjrrical formula, determined by Malus, will represent 
the intensity of the light reflected fix>m another surface, upon 
which the pencil is incident at the polarizing angle : (Jig, 87, page 
143, text) 

/«B5 A. oos.3 a (108), 

in which lis the intensity of the reflected light, A that of the inci- 
dent light, and a the angle between the plane of incidence and that 
of the second reflexi<Hi, or the azimuth oi the plane of the second re- 
flexion. When a 3=3 0, or 180°, / is a maximum, and when a == 
90°, or 270^ / » 0, and no light is reflected. 

As a oonflequence of this law, a beam of common light, as &r as 
brightness is concerned, may be represented by two beams of 
polarized light, having their planes of polarization at right angles 
to each other : for, the angle between the planes of polarization and 
of reflexion of the one being called a, that of the other will be 
90° — a, and fi»m (108) we shall have, for the brightness of the 
two reflected pencils, 

Iss A, 00B.3 a 
J' a A, COB.' (90 — a) s ii. sin. ^a; 
whence, 

/ 4. /' = il (C0S.3 a + sin.2 a)'=a A, 

the sum of the intensities, of the two supposed pencils, remaining 
the same whatever be the angle a, which is characteristic of com- 
mon light 

Equation (108) applies to the case of light polarized by refrac- 
tion, and incident upon a reflecting surflice at the angle of oom» 
plete polarization, a being the angle between the plane of polariza- 
tion of the incident ray and the plane of reflexion. 

(121.) The law, deduced by Sir David Brewster, as expressing 
the relation between the phenomena of refraction and polarization 
by reflexion, when light falls upon the first surface of a body, is 

tan. P « TO (109). 

P being the polarizing angle, and m the index of refraction of the 
material used. 
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Ftooi thu-ftranrfa, if we fluppoie the hjAi to be iaddmt at Itai 
prii^r \vpg angle, and call A the angle of refraetkn at this inci- 
dence, 

tan.P =!™l£ ; but tan. P = *°^^ , whence 
8in.J{ OO0.P 

■in. iR » ooe. P, (UO), 

or the maximum polarizing angU ia the oomplenient of the oor- 
reapondiiig angle of refraetion, and the reflected ray ia perpen- 
di^ilar to the refrioted ray. 

(123.) If the light which haa peaaed through the first aotfiusa 
fidl upda a second, parallel to th^ nrat, the angle of incidence upon 
the firat aurfaoe bemg P, that on the second la JZ, and i2 » 90 — • 
P(llO); whence, 

tan.iiBCot.P:batootP= ^ ^ = Jl , and thereiorei 

tan.P m 

tan.i? = JL 
m 

or the tangent of the inoidenoe upon the aeceiid earfitee ia the 
index of the lefiaetion firom the denser to the rarer nwdimn. M is, 
therefore, the angle of polariiation lor the aeoond aurfree, end the 
light reflected from that aurfiice, aa well aa that firom the firat, wiH 
be polarized. 

» 

Law of Partial PdarizaHon of Light by Reflexion, 

(123.) Sir David Brewster haa verified by an extenaive series of 
experiments a law, which ia due to Freanel, by Which the effisct 
of any number of reflexions, on the inclination of the pUnea of 
polarization of a beam of light, may be determined. The effect 
of a single reflexion at an angle di^ring from the polarizing angle, 
ia given by the equation 

tan. ^ = tan. x ^' ^^! + *2 ("1>» 

008. (t O 

in whidh filfmuh^ t is flie angle of incidence, T the corresponding 
angle «f reflection, x the primitive inclination of the plane of 
polarization of the polarized ray to the plane of reflexion, and the 
mdination of the same planea afisr reflexion. The angle t ^— i' ia 
evidently the deviation produced by refraction, and t 4. t' ia tha 
supplement of the angle between the refiracted and refleeled rajai 
When X ^s 45^, the case considered in the text, p. 150, tan. jts 1, 
and 

. . cos. (i 4- »') ,tio\ 

cos. (t — 1') 
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(124.) The e6fect of nieeesnve r^exwM of n pencil of common 
light* or in which x =s 45^, may be deduced firom the fil-st equation, 
fat the value of tan. ^ (111) ; ftir if represent the inclination of 
the plane of polarization to that of reflexion afler n reflexions, 
tan. B ESS tan." ^, x and ^ preserring the same relations to each 
other after any number of reflexions ; whence, 

ten. 9 ="*•(' + *')• (113). 

COS. (i — r)" 

Since tan. 0*=s tan." ^, and bj the supposition tan. ^ is not zero, 
it appeaia that although partiaHy polarized light may have its 
planes brought indefinitely near to parallelism, by increasing the 
number t>f reflexions, y^ tan. 0, and therefere 9, oannot become 
abidutehf eqml ta zero by any number of reflexions. 

The Ibrmula for the quantity of tin apparently polarized light 
could not, advantageously, be introduced in this place.* 

Polarization of Light by ordinary Refraction, 

(125.) From. an examination of the efiect produced by a single 
surface upon the two planes of polarization in the beam of eommon 
liffht. Sir David Brewster inferred, that it depended upon the angls 
of deviation of the ray, and was represented by the formula, 

cot = cos. (i — (114). 

in which ^ ift the inclination of the planes of polariaation to the 
plane of the refiraction, . and s aod s' the angles of incidence and 
refiraction of the ray. When i — i' s= 0° or i as 90°, cos. (i — i ') 
SB 1, and cot s 1, or =s 45^, and no change \b prodi^iced in 
the inclination. When i ^=^ i'- » 90<^, oes. t — t' =s 0, and cot ^ 
= 0, or = 90°. 

When the light is not common light, or lifht in which the 
planes of polarization are inclined 45° to the plane of refraction, 
if OP be taken to x^resent the inclination of th^jJioes of polariza- 
tion of the beam to the plane oS refraction, 

OOt ^ s= cot X, COS. (t — t') . • . . . (tt5)^ 

If the light fall upott a second suEftee^ parallBl to the first, x for 
that snrfiuie is the vahie of ^ fi>und fi>r Ihe tot, and if be called 
the inclination afler n refractions, 

OOt = cot" ^«cot"4F.cos,*(i — (116). 

* 

When Qoi « a^ 1, that it, in the caae of oommon fighl^ 

cot = co8.» (i — O (117). 

(126.) By combining this formula with that for the partial polar- 
iiatioD b^ reflezicm, we can readily obtain (ha effiMst produced^ lUon 
light, which should reach the eye, after tw* reftaetiOBSt at the mnf 
surfiice of a plate, and an intermediate reflexion at the second 
sur&ce. 

*8ir Dl BmMter, i* Pm. Tram. (Lob.) 18». 
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Ijet f represent the inclination of the plane of p ol a ri zati o n to 
that of refraction, after refraction by the first surface ot the plate ; 
f ' the inclination produced by the reflexion at the second surface ; 
and ^'* that produced by the second refraction at the first sur&ce, 
•s the ray emerges, dalling, as before, t the angle of incidence 
on the first soriace, t' that of refaction, and x the inclination of 
the planes of polarizatimi of the incident light to the plane of ind- 
denoe ; then from (115), 

coL ^ ss oot X . oos. (i — Oi <^ ttu^ ^ = — . * ^ . 

COS. (i — r) 

From fimnnla (111)> fixr partial polarization by refleziaD, 

cos. (f — v) COS. (i — t^* 

Eqoatkm (115), applied to the second sorfaoe of tiie jdate, gi^es 

cot^'^ss oot^^cos. (t^O; 

whence, by substitutixig for cot ^' the reciprocal of the Talue just 
feund fiir tan. ^\ - 

c^r = —L- . '^- <'-'">" . or. 
tan. X COS. (i 4. i ) 

cot *" = oot « . .5!l^Ii111 ....(118).^ 

COS. (i ^ iO 

For common light, in which x « 45^, 

OOt^sa COS. (i — i'X 

^ . oos.(».fO 

^ COS. (1 — 0* 
^^.^ C0S.(t--03 ^^^^ 

eos. (» + t') 
IC in this ktter case, 

00a. (t ^03 » 00a. (t + I"). 
coL^^eal, or ^"=450, 

and the fight polarized by the first refi-action and the intermediate 
reflezi jp, will be restored by tiie refiractton at emerj|rii]g, to the state 
of oonmion Hght The above equation will be satisfied in ^nw of 

which ""'*, sr m = 1.525, at 78o T. 
sm. V 

If COS. (1 — 0' > COS. (t 4. tOt which wonld oeoor by dimin- 
ishing i, ooL ^^ > 1, and^"<45o. 

If COS. (i — 0? «= cos. (» + p tan. 0'= 1,^' =45°, of the light 
polarized by the first refiraction is restored to common light by the 
■'efiezion. Whan reftwsfead at the eeeond watSKO^ iinee. 



exAP. yja* thbobt or xn xaiubow. 8& 

ootf"«cc».(i— t'X 
or the light ifl repdIiuJzed at the aecond refiraotioD, and the eflM of 
the plate is that of a single wm&uce.* 



CKAP.VH. 

OF THE BAINBOW. 



(127.) To explun the tteoiy of tha slinbow, we begin by the 
ftUowing proposition. 



Faop. XXXIV. Arayif %Jk rnten a refmcHng sphere^ i$ re- 
JUeUd any mtnAervf Hmes^andemergtt; to dftennine the devia^ 
Hen token it tea maxmumt or mtnifmun. 



Let RL be a rav of light, neettng the refracting sphere LMNP 
at L, and refiuetal into LM; LM meeting the seeond sur&ce of 
the sphere at Jlf, is in part reflected kto MZV, which &rther sofiers 
veflexion at j^, taking the direction iVP; that part of JVP which 
is not refleotedrpossee out of the: q>heare, being refracted into tha 
direction PF, % the law of reflexion the angles CML^ CMN^ die^ 
are all eqnal to CLM the angle of refraction at the first surface; 
tile ani^ of emergefooe MPF is, therefore, equal to the angk of 
incidence RLK. Coll the ancle «f iaeideaDe ^, tha;! of f«fractie» 
^ the angle of deviation of Uie refracted Jay LM^ or the angle 
BIM = ^ — / ; the angle of deviation at emergence, or the anirle 
iW^2=r0 — ^';andthesumoftliedeviatioB8is2(^— y.) Ae 
deviation produced by the first refreodoD, or EMN » 180 — LM1I9 
«» 180 — 2#'» and at each succeeding Nflezion a new deviatien of 
equal amount is produced ; the total cteviation, therefore, after n re. 



«M«ni^ by Sir D. Brewster, ia PkH. TntM. (Lob.) iJDD 
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flfladooi is I8Q11 — 2n^'. The lom of the effects piodaeed by both 
leflracttoa and reflec^oa 10, calling S the total deviation, 

a == I8O11 — 2nf' 4- 2 (^— ^'0 or 

a=. I8O11 4. S^~.3 (n + 1) ^' (120). 

In which e^[uation f and f ' are connected by the equation, (17, 
ait 390 

sin. f ssstn. Bin. f ' (17). 

When 2 IS a maximum or minimum, dH cas 0, and by difoea- 
tiating (120,) considering ^ and ^' as variable, 

2<I^^2(n ^ l)d^'so,or 

^ as (n 4. 1) il^'« 

By difeentiating (17), 

d, sin. ^ s m. il sin. f ', or 

cos. ^ . li^ sss m. COS. ^* . d^', 

in iriiich sabstitnting the value just finmd for d^^ 

(n 4. 1) COS. ^ . d^' s m COS. f ' cl^', and 

(n 4: 1) COS. ^ es m . cos. ^'« 

To combine this with (17), square both equations and add, W6 
have 

sm. 2f + (n 4- l)a. cos.* f = mK (sin.* ^' + cos.* ^'); 

but, sin.* ^ » 1 — COS.* f, and sin.* f 4. cos.a f' » 1, vvhenoe 



COS.* 



^((« + l)^— l) + l=«^ 



_, m*-l _ m*^l ^ JUlzil^^d 

(n4-l)*— 1 »*4.2n »(n4-2) 



cos.f=/^!E| (121). 

^ it(n4.2) 

(128.) The primary rainbow is formed fay two refractions and 
one reflexion of the sun*s light, by drops of rain, as shown in^. 
134, page 224 of the text 

Profincing the incident and emergent rays RF and Oq, until 
they meet at q; (^20) gives by making « a 1, 

6 sslSO 4. 2^ — 4^'. 

Hie angle q {RqO) is the supplement of the deviation ^, whence 

?«4^' — 2^ (122), 

and nnce q increases as i diminishes, 9 is a maximum when ^ Is a 
yninimqm. Near the maadmum value, q will change less for a 
giTOB change of incidence than at other values ; and near this maxi- 
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mum, therefiire, the incident pencH wiil emerge most oopioasly, «nd 
aflfect the eye most strongly. When j is a mimmom, we have from 
the preceding article, by making n as 1 in equation (121), 

oo8.#=y^^r.....(123); 

m which, if for m, the index of refraction of water for the difl 
ferently colored rays be siibstitaied, the angle of incidence will be 
found at which each cdor is most copiouidy transmitted to the eye. 
The angle ^ will be given at the same time by equation (122), uid 
by the relation, 

sin. ^ ^ ffi . sin. ^' (17). 

To determine the limits of the value of 9 for the differently 
colored rays, we take the value of m for the least and most refran* 

gible of those rays : for the red m = , and for the viotet m 

109 
= — . These values substituted for m, in equation (123), we 

obtain from (129), for the red rays, 

COS. ^ s= .5092, ^ » 590 21', and stn. ^ » .8603, whence from 
(17) sin. ^' ^ .6453 and ^' » ^)o 11' ; therefore from (122), q s 
l^Qo 44' _ 1180 ^ = 420 2'. 

For the violet rays the same equations give, 
cos.^ a. 5199,0 saSQP 41|', and sin. ^ ».8543; whence sin. 
4^' s .6352, and 0' » 39° 25', and ^^ » 157^ 4X/^ II70 23^ » 
40O 17'. 

The breadth of the bow is measured by the ani^fO/ sOnA-— 
9^»9_9'a42o 2^— 40oi7'.slo 45'. This supposes the 
rays to flow from a point The angle q being greater than 9^, the 
line Oq is above Oq, and the red is the highest color in the bow. 

(129.) The secondary rainbow, shown in the same figure of the 
text, is formed by two reflexions and two refractions: it corresponds 
to the case of m ss 2 in the formula for the deviation. From this 
formula (120) 

^ as 360 4. 20 — 60' ; 

but the angle OqO between the incident and emergent rays is the 
excess of &e angle of deviation above two right angles, whence 

9 » 180 + 20 — 60' (124). 

By the same reasomng which was used in the preceding article, 
it may be shown, that the different colors will be transmitted most 
copiously, at incidences given by equation (121), in which n = 2, and 
m is the index of refraction corresponding to the colored rays of 
■rfaich the incidence is sought From (121) 

cos.0 = y^t!Zi (125). 
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Tki nhtifln oifunif'iM fiYM by 

•in. f en m . dn. f ' (17). 

The fimita of the valae of q wHI be found by placing for m in 
(125), and (17), the index of refinctioa for the feast and moel 

_,^_ ... 108 , _ 109 

refirangiUe raya,or m « __ and m » _- . 

By pioeeedinff aa in the laat nliole, we hmm for the red Taye : 
aoB.f B«ai8, ^« 710 4si\ shk^ «> .9501, mtLf'm. . TtW, 
f'«s 450 27^ and f B fiO^' 57'. 

For the violUi raya: cos. ^ = .3184, ^^710 371, sulk's 
.7046, ^' » 140 48^, whence ^«: 54° T. 

Tile angle, ^, for the Tielet rays, bemg jg^reater than the oor- 
responding angle for the red, the vklet is mgher than the red, in 
the bow ; the mIots are therefore inverted in rdatien t* those of 
ftkd primary. The angle ^Oq =s ^ — 9 s 3^ 10^ 

The angular distance between the bows, qOq^SQP 5T^ 42" 

(130.) The breadth of the bowe, and of ti»4qMoebe(wisen them, 
haying been measared on the sqppoaitian that the says Bow fiom 

X'lS, correction must be .made for the apparent diameter of tfan 
disc, which is about 32^. On this account the breach of 
each bow is increased by 32^, so that the primary is 2P 17' in 
breadth, and the secondary 3^ 4Sy. The breadth of the space be- 
tween the two bows is, thus, diminished by 32^, and is 8P 23'. Tlie 
*i>gK 9* fof the highest red of iSbe primary bow will he (43° Vf 4. 
160 42<' 18'; whence, if the son is more than 42<> 18' above the 



4he.9riniafy bowk notsem; tiM ^eneepondkig limit for 
the seoendaiy bow Is 54P 23'. 

(131.) A portion of tiie Kght which enters anv drqp of rain, la 
kiet at eacli reflexion : for, by art 41, in order wat total reflexion 
shall take place at the sc^aratin^ snrface of tiie denser and of the 
larer mednim, the relation m sm. ^'b 1, or > 1, must subsist ; 



hut ftoni the i n ves tigat ifln it appears, that sin. ^ is always less 
than unity, and that the condition necessary to total reflexion is 
never satisfied. The cdors of the secondary bow are therefore 
fiintcr than those of the pniaEiary. 

The method ef m vestigatrng ihe tfieory of the bows formed by 
three or more nfleoBions oonmined with two refractions, must ho 
obvious fix>m what luis been said in relation to the primary and 
secondary bows. 
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A. 

Aberrttion, QrfierieAI, of lentM and 
mirrors, 51 ; loncitudiDal ; lateral, 
9i. A|»pei)dix, 95. By a rin|^ t«« 
'fraetiBf Mirftee, App. 61. By a leas, 
App. m. Valuea ef, for diflbrait 
lenses, 56; App. 68. Chromatic, 74. 

jfipinus, M ., bis experimenta on ae- 
-Cidental eolors, 856. 

Air, tlie abeorptive power of, 190. 

Amid, professor, of Modena, pro- 
poses various forms of the camM-a 
lueicla, free from iba defects of Dr. 
Wollaston*s, 878. Bevives the re- 
flecting; microeoope in an improved 
form, 986. 

Analeime, the pcrfaiisinf stnwture 
of this miaer^ ; derives its name 
from its property of not yielding 
electricity hy friction, 183. 

Arago, M., the colors produced by 
ciystallised plates in polarised 
light, studied with success by Biot 
and other anthon, first diaoovered 
by, 157. 

Archimedes, the manner in which 
he is supposed to have destroyed 
the ships of Mareclhis, 804. 

Atmosphere, the refractive power of 
the, 815. 

Axis, of lenses, 32. 

B. 

Barlocci, professor, his experiments: 

finds that the armed aatural load- 

■ stone had its power nearly doubled 

by twenty-four hours* exposure to 

the strong light of the sun, 65. 

Barlow, his achromatic telescope, 
304. 

Barton, John, produces color by 
grooved surihces, and communi- 
cates these colors by pressufe to 
various substances, 106. 

Batsha, the tides of, explaioed by 
Newton and Halley, lid. 

Banmgartner, M., his experiments : 
discovers that a steel wire, some 
parts of which were pnlished, the 
otherparts without lustre, becomes 
magnetic by exposure to the white 



light of the min ; a north pole Ap* 
pearing at each polished part, and 
a south pole appearing at eaoh uh* 
polished part ; obtains eight poles 
on a wire eight inches long, 84. 

Beams, aolar, diverging, 833; and 
eonveninc, 834. 

Berard, M., fiis experiments on the 
heating power of the spectrum, 88. 

Beraelius, M., his experiments on ab- 
sorption, 193. 

Biot and Arago on polarized light, 

Blaefcadder, some pbenomena both 
of vertical and lateral mirage, 
seen by him at King George's Bas- 
tion, Leith, 819. 

Blairi Dr., his achromatic lens, 77. 
Constructs a prism telescope, 303. 

Bodies, absorptive power of; the na- 
ture of the power by which they 
absorb light, not yet ascertained ; 
all colored transparent bodies do 
not absorb the colors proportion- 
ally, 130. Absorb heating rays un- 
equally, 316. Natural, the colors 
of, 835and3S0. 

Bovista lyeoperdon, the seed of, Ml. 

Boyle, his observationa on the colors 
•f thin plates, 00. 

Brereton, lord, his observaUmiB on 
the colors of thin films, 90. 

Buchan, Dr., case of unusual reflex- 
ion, 882. 

Budfon, constructs a bumlBg appa- 
ratus ; the principle of it exj^ined, 
364. 

C. 

Camera obscure, an optical instru- 
ment, invented by the celebrated 
Baptista Porta, 374. 

Camera lueida, invented by Dr. Wol- 
laston, 8T7. 

Oameleofi< mineral, 839. 

Carbon, Bulphuret of, of great «ae in 
optical researches ; employed as a 
substitute for flint glass by Mr. 
Barlow, 305. 

Carpa, M„ and M. Bidolfi, repeat 
Dr. Morichini*s experiment with 
success, 84. 
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Cfttopcrks, 13. App. 0. 

Caottict formed oy reflezioii, SB. 
App. 74. Foimed by refraction, 63. 

Charcoal the moat abaorptive of all 
bodiea, 190. 

Chevalier, M., of Paris, makea me 
of a meniaeus prim for the ca- 
mera olweara, 271. 

Christie, Mr., of Woolwich, hie ex- 

Eriment conflrmed by thoae of M. 
irloeci and M. Zantodeechi, 84. 

CoddingtoD, Mr., his observations on 
the compound mieroeeope, 334. 

Colors, accidental, and colored 
shadows. S54. Phenomena of, il. 
lustrated by various experiments, 
859. 

Compression and dilatation, their 
optical influence, 203. 

(Crossed lens, App. 69. 

Crystals with one axis of doable re- 
fraction, 138. Whether mineral 
bodies or chemical substances have 
two axes of double refraction, 133. 
A list of the primitive forms of, 
according to Hauy, 134. With 
one axis ; system of colored rings 
in, 173. The influence of uniform 
heat and cold on, 303. Composite 
e^thibited in the bipjrramidal sul- 
lAate of potash, 306. In apophyl- 
lite, ib. In Iceland spar, 208. The 
multiplication of images by the 
crystals of calcareous spar with 
one axis, 310. Difierent colors of 
tho two images produced by dou- 
ble refraction in crystals with Oiie 

' axis, 311. 

Cubes of class with double refrac- 
tion, 199. 

Curves, caustic, formed by reflexion 
and refraction, 58. App. 74. 

Cylinders of glass with one positive 
axis of double refraction, 197. 
With a negative axis of double 
refraction, 196. 

D. 

D*Alembert, 304. 

Davy, Sir Humirtiry, repeats Berard's 
experiments on the heating power 
of the spectrum in Italy and at 
Cteneva; the result of these ex- 
periments a confirmation of those 
of Dr. Herschel, 83. 

De Chaulnes, duke, 96. 

Descartes, 54. 

Deviation, angle of, 33. App. 37. 

Diamond, 31. 

Dichroism, or the double color of 
bodies, 810. 

Dioptrics, 36. App. 26. 

Dispersion, irrationality of, 73. 



Disperaivv powen, UUt of; Antlmfi 

App. 310. 
Di Torre, Ihfher, of Napiea. his im- 

proifement on Dr. Hookers spherw 

for microflcopes, 380. 
Dollond, Mr., the achromatic tai^ 

scope brought to k high degree of 

perfection by, 76. 



KUipsoid,54. Appi TSl 

Englefield, Sir Henry, 81. 

Eriometer, an instrument propoaed 
by Dr. Young, a description of it ; 
and the manner in which it is to 
be used, 101. 

Eye, the human ; the stmcture and 
functions of, 340. The refractive 
powers of humors of, 343. The in- 
sensibility of, to direct impressions 
of faint light ; duration of the im- 
pressions of light on the retina, 
850 and 381. The cause of sin- 
gle vision with two eyes, SSL The 
accommodation of, to different 
distances, proved by various ex 
periments, 358. Long-sightedness 
and short-sightedness accounted 
for, 253. Insensibility to particu- 
lar colors, 350 and 333. 

Eye-pieces, achromatic, Ramsden*s ; 
in universal use In all achromatic 
telescopes for land objects, 301. 

P. 

Faraday, Mr., his observations oa 
glass tinged purple with manga- 
nese; its absorptive power altered 
by the transmission of the solar 
rays, 124. 

Fata Morgana, seen in the straits of 
Messina, accounted for, 218. 

Fibres, minute, colors of, 101. 

Fits, the theory of, superseded by 
the doctrine of interference. 111. 

Fluids, circular polarisation in, dis- 
covered by M. Biot and Dr. Bee- 
beck, 168. 

Focal point, 1& 

Foci, oonjui^te, 18. App. 15. 

Focus, principal, for parallel rays, 17- 
rules for finding the principal ; for 
convex lenses, 41. App. 38 ; for 
mirrors, 17. App^ 14. Distance tirom 
centre, a mean proportional, &c., 
App. 18. Physical, of mirrors, App. 
59. 

Fraunhofer, M., of Munich, uis ob- 
servations on the lines in the spec- 
trum, 78 ; perceives similar bands 
in the light of planets, and fixed 
stars, 79. Illuminating power of 
the spectium, 80. 

Fresncl, M., explains the phenomena 



XNDilX. 



91 



t»f inflexion oi diffraction of ligbt, 
86. Formula for polarization of 
lifbt by reflexions, not at maxi* 
mum polarizing an^e, Ajmk 6S. Hie 
experiment on tlie interference of 
polarized light, 180. Discoveries 
of, on circular polarizatiout 189. 

O. 

Glasses, plane, 31. Multiplying, S73. 
Refraction of liglit through plane, 
36. A|»p. 35. Achromatic opera, 
with single lenses, 304. 

Gordon, the duchess of, 91. 

Gorins, Dr., his improvements in all 
kinds of microscopes; introduces 
the use of test objects, 2S7 ; a work 
puUished by him and Mr. Pritch- 
ard on the microscope, 381. 

Gray, Mr. Stephen, 880. 

Gregory, James, the first who de- 
scribed the construction of the re- 
fleeting telescope, 901. 

Grimaldi, his discovery of the in- 
flexion or diffraction of light, 86. 

H. 

Hall, Mr., inventor of the achro- 
matic telescope, 76. 

Halley, Dr., his observations on the 
rainbow, S36. 

Halos, 2S7. The colors of, described ; 
the origin of, and how produced, 
332. 

Hare, Dr., observation on translu- 
cency of gold leaf, 3S0. 

HaQy, the abb6, discovers the want 
of electricity by friction in anal- 
cime, 184. 

Heat, the influence of, on the ab- 
sorbing power of colored media ; 
analogous phenomena in mineral 
bodies, 133. Heat and cold, tran- 
sient influence of, 107. 

Herschel, Mr., his discovery of an- 
other pair of prismatic images in 
thin plates of mother-of-pearl, 105. 
The principal data of the uodola- 
tory theory given by, 119. The 
results of many authors on the 
subject of colored flames, given 
by, 134. His discovery that in 
crystals with two axes the axes 
change their position according to 
the color of the light employed, 
134. 

Herschel, Sir W., his experiment of 
the heating power of the spectrum 
conflrmed by Sir Henry Englefield, 
91. Ink applied by him for obtain- 
ing a white image of the sun, ISl. 
Oonstmcts a telescope, 40 feet 
long, with which he discovers the 
sixth satelUte of Saturn, 396. 



Hevelim, hia obMrvhtiont on a pa- 
raselene, 330. 

Home, Sir Bverard, his description 
of the pearl, 105. 

Hooke, Dr., constructs small spheres 
for microscopes, 380. 

Huygens. his discovery of the law of 
double refraction in crystals, 131 ; 
determines the extraordinary re< 
fraction of any point of the 
sphere, 133. Publishes an elaborate 
history of halos, 831 ; his discov« 
ery of tlie ring and the fourth sat- 
ellite of Saturn, 389. 

Huddart, Mr., several cases described 
by him of unusual refraction, 316. 

I. 

Iceland spar; of what composed; 
found in almost all countries, 136. 

Image hy mirrors, curvature at ver> 
tex ot, App. 34. Change of form 
by change of distance of object, 
App. 34; formed from section, App. 
36; by a convex lens, App. 53; by 
a concave lens, App. 54. 

Incidence, angle of, equal to angle 
of emergence, 14. App. 39. Plane 
of, 14. 

Induration, the influence of, 305. 

Ink, diluted, absorbs all the colored 
rays of the sun in eiiual propor- 
tion ; applied by Sir William Her- 
scher, as a darkening substance, 
for obtaining a white image of 
the sun, 121. 

Interference, the law of, 115. 

lolite, properties of, 311. 

Iris ornaments invented by John 
Barton, Esq. 107. 

J. 

Jansen, his invention of the single 

microscope, 379. 
Jurine and Soret, observation of an 

unusual refraction, 318. 

K. 

Kaleidoscope, formation and prin- 
ciple of the, 263. 

Kirchcr, the inventor of the magic 
lantern. 376. 

Kitchener's, Dr., panoratic eye-tube, 
302. 



Landrlani, 81. 

Lantern, magic, invented by Kir- 
Cher, 376. 

Latham, Mr., 381. 

Lerebours, M., has lately executed 
two achromatic object-glasses, 
which are in Six James South*s 
observatory at Kensington, 300. 
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Duw. 31. KcfruiiDO of Ibrauch 
— *- — I*, 38. App.«. ReftutioD of, 
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31. KefttstianaT.tllKHUli concave 
leHeh44, App.4S. Ot&tautaot, 
Uuoufll maniicai aid eonWD- 
confeIlenMi.4{. App.4B. On the 
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MoA0r*^-p6Ul« tin prineijNil ctAon 
of, oMaiiMd from the aiml of ibe 
pearl oyiter ; long employed in the 
arts; the mamitf in which its 
colon msy be obaerred, 108. 

N. 

Kewten, Sir Isaae, his discovery of 
tlw composition of wjiite licht, tH. 
Reoomposes white light, w. In* 
flexion or diffiraetion of light de- 
scribed by, 6S. His method of pro- 
ducing a tiiin plate of air ; com- 
pares tbe colors seen by reflexion 
with these seen by transmission, 
93. His obsenrations on the colors 
of thick plates produced by con- 
cave glass mirrors, VT. His theonr 
of the e<riors of natural bodies, 336. 
His experiment of accidental co- 
lors, 896. Was the flrst who applied 
a rectangular prism in zeflecting 
leleseopes,870. 'Executes a reflecting 
telescope with his own hands, 291. 

HoB-lamnioas bodies, 11. 

O. 

Obdects, test, Oie use of, introduced 
by Dr. Goring, 387. 

CMUique pencil, cases of, Aro. 19; re- 
flexion by mirror, App. 19; which 
crosses axis of mirror, App. 88. 

Opacity, .339. 

Optical figurea, beautiful, how pro- 
dueed,8Q9. 

Optics, physical, 68. 

Oxides, metallic, ejCfalbit a 'tempora- 
ry change of color by heat, 339. 

P. 

Paralbola, 58. 

Park«',lfr., of Fieet*0treet, executes 
the most perfect 'homing lens ever 
constructed, 868. 

Pencil, direct and i»blique, defined, 
App. 9. 

FtentasraagMFia, 877- 

Plates, thin, colors of, 96. Of air, 
water, and glass, 93. Thick, first 
observed and described by Bir I. 
Newton as produced by concave 
mirrors, 97; a method by which 
the colors may be best qeen and 
their theory beat studied, 99. Re- 
firaction through, Ap|^. 36. 

Polariaation by reflexion, law of, 
App. 81. Relative to refi'action, 
App. 82. At second surfkce of a 
l^ate, App. 83. Partial by reflex- 
ion. App. 88. By ordinary refrac- 
tion, App. 83. Circular ; this sub- 



ject studied wtth much aagaeHr 
and success, by M . Biort* tfsS, Ellip- 
tical, 190. 

Poru, Baptista, Ms invention of tta 
camera obscnra, 874. 

Primary plane, App. 19. 

Principal focal distance, 17. 

Prisms, refraction of light tfaroiigh 
32. App. 88. 

Prisms, crown glass, and diamond 
the dispenri ve powers oC compared, 
71. 

Prism, meniscus, used for the came- 
ra obscure, by M. Chevalier of 
Paris, 371. 

Prisms, compound and variable, 871. 
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Radiant point, 18. 

Rainbow, primary and secondary, 
383. App. 86. The light of both 
wholly polanaed in the planes of 
tbe radii of tbe arch, SSjL 

Ramage, Mr., of Aberdeen, con- 
etructs various Newtonian tiile- 
Bcqpes; the laigest of these is 
erected at the Royal Observatory 
of -Greenwich, 397. 

Rays, reflexion of parallel, 15. App. 
14. Reflexion of diverging, 15. 
App. 14. Reflexion of converging, 
1ft. App. 16. Reflexion of, from 
concave mirrors, 16. App- 13. Re- 
flexion of, from convex mirrors, aOi 
App. 16. Incident ; refracted, 88. 
Focus of parallel ; diverging; con- 
verging, for sphere, 39. App. 42. 
Parallel, 41. Rule for finding tbe 
focus of parallel fi>r a glass un- 
-equaily convex, 42. App. 38. Rule 
for finding the (bcos of a convex 
lens fbr diverging rays, 43. App. 39. 
Rute for finding the focus of con- 
verging, 40. App. 44. Rule fixr find- 
ing tbe focus or a concave lens for 
-diverging, 45. App. 46. Solar rays, 
the magnetizing power of, 83. 
Falling perpendicularly on the 
.Burfiioe ox a prism, App. 29. 

Rectangular places of glass with no 
double refraction, 199. 

Reflexion by specula and mirrors ; 
angle of, 13. Plane of, 14. Fits of, 
111. Total, 34. App. 37. Formula 
for, deduced from those of refrac- 
tion, App. 87. Surfaces of accurate, 
App. 71. 

Refraction, angle of, 88 ; index of^30L 

App. 88. Through prisms, 31. App 

88. And lenses, 31. App. 31. The 

I composition of white light discoid 
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•nd by, 69. PoIariBation by, ISL 
Am. 83. Unutual. 215. Surftcet 
of accurate, App. 71. 

Refraction, double, the law of. aa it 
exists in Iceland spar, 196. Law 
of, App. 79. Commuoicated to 
bodies by heat, rapid cooling, pres- 
sure, and induration, 135. Gene- 
ral observations on, 214. 

Befractive power, ubles of, Author's 
App. 310. Absolute. 310, 315. 

Riess and Moser, MM., their experi- 
ments on the magnetizinf power 
of solar rays, 85. 

Rocbon, 81. 



B. 



flcbeele, the celebrated, 88. 

Scfaeiner, the original account of a 
parhelion seen by, 338. 

fleoresby, captain, in navigating the 
Greenland seas, observeid several 
cases of unusual refraction, 317. 

Secondary plane, focal length in, 
found, App. 31. 

8eet»eck, M., his experiments on the 
heating power of the spectrum, 83. 
And on the chemical influence ot, 
83. Published an account of ex- 
periments with cubes and glass 
cylinders, 303. 

BelMuminous bodies, U. 

Benebier, 81. 

Solar spectrum consists of three 
colored spectra of equal lengths,— 
red, yellow, and blue, 68. 

SomervilJe, Mrs., her e^^riments; 
produces magnetism in needles, 
which were entirely tree from 
magnetism before, by the solar 
rays ; her experiments repeated by 
M. Baumgartner, 84. 

Spectrum, the, 78. Properties of; 
the existence of fixed bnes in, 78. 
The illuminating power of, 80. 
The heating power of, 8L Chem- 
ical influence of, 83. 

Spectacles, periscopic, invented by 
Dr. WoIIaston, 367. 

Specula, plane, concave, and con- 
vex, 13. 

Sphere, rule for finding the focus of, 
40. App. 43. 

of glass, with a number of 

axes of double refraction, 301. 

Spherical surfaces, of same curva- 
ture, refraction by, 49. 

Spheroids, glass, with one axis of 
' double refraction, 301. 

Substances with circular double re- 
fraction, 130. 

Sulphuric acid, 73. 



Surlkces, grooved, the iHrodiictio& of 
eolor by ; and of the communica- 
bility of these colors to various 
substances, 104; apiriied to the 
arts by John Barton, Esq., 100. 

T. 

Tabasheer, the refractive power o( 
339. 

Talbot, Mr., his experiments on the 
colors of thin olates, 97. His ob- 
servations on nlms of blown glass, 
100. 

Teanoscope, 303. 

Telescope, reflecting, 50. Astronom- 
ical refracting, 51. Achromatic, 
one of the greatest inventions of 
the last century, pronounced by 
Kewton to be hopeless; accom- 
plished soon after his death, by Mr. 
Hall ; brought to a high d^ree of 
perfection by Mr. DoUond, 76. Ter- 
restrial, 390. Galilean, 391. Gre- 
Sorian reflecting, 391. A rule to 
nd the magnifying power of^ 39^ 
Caesegrainiau, 5293. Newtonian, 
an improvement on the Gregorian 
one, WA. Sir William Herscbel's, 
396. Mr. Ramage*8, 397. Achro- 
matic solar, with single lenses, 305. 
Imperfectly Achromatic ; the iin- 
ivovement of, 306. 

Thenard, the first who observed 
blackness produced on phoepho 
rus, 134. 

Thickness, correction for. Ami. 35. 

Topaz, Brazilian, 310. 

Transmission, fits of. 111. 

U. 

Undulations, theory of, 110 and 318 
Great prc^ess of, in modern timee; 
the doctrine of interference in ac- 
cordance with, 118. 

V. 

Vergency, term used by Lloyd, App. 13 

Villele, M., of Lyons, burning in* 
struments made by, 366. 

Yince, Dr., his observations on un- 
usual refraction, 316. And on a 
most remarkable case of mirage, 
318. 

Vision, the seat of, 343. Erect, the 
cause oC from an inverted image, 
.346. Distinct, the law of, 347. Ob- 
lique, 348. 

Visible direction, the law of, 345 j 
the centre of, 346. 
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''Water, the almorptive power of, 190. 
For heating rays, 317. 

Wollaaton, Dr.. hie diinoverlee on 
the chemical effiscta of light on 
gum guaiacum, 83. His invention 
of the periflcopic spectacles, 967. 
Of the camera lucida, SS77. Dou* 
blet, 984. Refraction throujgh 
strata of air of difierent densitiefl 
proved by, 919. 

Wunscb, M., his observations on 
alcohol and oil of torpentine, 89. 



Y. 



Young, Dr., his invention of the in- 
strument called the eriometer, lOL 
His illustration of the undulatory 
theory drawn from the spring and 
neap tides, 118. His experiments 
on the interference of the ravs of 
light, 114. 

Z. 

Zantedeschi, M., his observations on 
oxidated magnets and those which 
are not oxidated; repeats Mr. 
Christie** experiments on needles 
vibrating in the sun^s light, 85. 



THE END 



r 



/ 



r 



i 



